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ABSTRACT

High Speed Machining is getting more and more important in order to fulfill the goal of a reduction of manufacturing times
and costs, together with an increase of quality. The design of modern Machining Centres is quite a difficult task, as high
forces of inertia arise from high speeds. Thus, the development of simulative mathematical models can be of a great support
for the designer. This paper deals with the development of a Simulink model of the vertical axis of a machining centre. Full
details are provided on the mechanical and pneumatic devices it is composed of, in particular regarding the architecture and
the operative behaviour of a pneumatic proportional valve. This is important device has the basic role of dynamically
counterbalancing the spindle head weight, maintaining the resulting force at a constant value. independently of the applied
motion. Full details on the algebraic and differential equations to be implemented are provided throughout the paper. The
results proved the efficiency of the pneumatic device and its short response time. Processing the simulative outcomes led to
the identification of an equivalent second-order dynamic system. A simplified Simulink model could therefore be developed
accordingly and used to simulate the response to whatever motion law applied to the head.
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1. INTRODUCTION

High Speed Machining (HSM) is becoming one of the
most promising advanced manufacturing technologies. as it
enables a reduction of manufacturing times and of product
costs, and, at the same time, an increase in quality. Design
techniques have evolved over the last few years to deal with
the dynamic aspects of design: the forces of inertia, due to the
moving masses, arc nowadays the main issues to be
considered in the structural analysis. Therefore, the
development of virtual models for the simulation of the
dynamic behaviour of a part or of the entire Machining
Centre (MC) is getting more and more important [1-6]. The
development of numerical models simulating the dynamic
behaviour can be framed within the increasing demand for
numerical and analytical models, supporting the study of
machine performance. Nowadays, these models can be
regarded as powerful tools that can significantly support
designers. Their main feature consists in the possibility of
predicting the mechanical response, from many points of
view. For instance, the design of pneumatic circuits for
automatic machines is highly supported by models simulating
the entities of flows and pressures, and the duration of
transient times [7]. In the field of structural mechanics, Finite
Element and analytical models can provide the stress/strain
distribution [8-9]. Integrated experimental and numerical
models have a great importance at predicting the fatigue
response  [10-15]. However, a critical issue in the
development of virtual models stands in the determination of
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the numerical parameters to be introduced and processed. For
instance, the determination of stiffness or of the coefficients
of friction and viscosity is really crucial in the development
of models for the simulation of the dynamic response after an
impulsive load. The estimation of pneumatic conductances is
the first step to start the simulation of a pneumatic circuit [7].
An accurate determination of the correct numerical
parameters is the basic requirement to obtain reliable result
from the quantitative point of view. The most suitable
strategy for the determination of the aforementioned
parameters usually stands in the execution of experimental
tests and measurements. Regarding this issue, many examples
can be found in literature, dealing with experiment-based
models and with the integration between experimentation and
simulation [10-25].

This paper is focused on the development of a numerical
model that simulates the dynamic response of a portion of a
MC, where pneumatic and mechanical devices are integrated.
The conducted analysis regards the dynamic behaviour of the
verlical axis (z-axis) of a MC, where a pneumatic system is
specifically designed to counterbalance the weight of the
spindle moving head. The most difficult challenge consisted
in the modeling of a compensation valve: it has the important
function of maintaining constant the value of the air pressure
that sustains the moving head, even when it shifts at high
speed. The implemented mathematical model accounts for the
physical laws describing both air flow and the conversion of
pressure into the reacting force that balances weight. The



mechanical devices are modeled, considering their actual
stiffness and damping properties.

The goals of the present paper can be summarized in the
following points:
Determining the dynamic response of the z-axis system to
motion laws applied to the head, e.g. upward or
downward step displacements, and ramp motions.
Discussing the efficiency of the pneumatic valve, in
particular, if the head weight can be dynamically
counterbalanced with a sufficiently short response time.
A final aim consisted in the identification of the
parameters (stiffness and damping) of an equivalent
second-order system, having the same dynamic properties
of the studied device.

. THE PNEUMATIC-MECHANICAL SYSTEM AND
THE PROPORTIONAL VALVE

The here considered MC is a high speed milling machine
with five controlled feed drives. The mechanical system
along the z-axis consists of the wvertical head with
electromagnetic mandrel and of the related feed drive system
by recirculating ball screw. The pneumatic force is
transmitted by a couple of pneumatic cylinders. The cylinders
are designed so that the weight of the moving head and of the
spindle can be sustained by the pressure acting on their
pistons. A scheme of the general layout is visible in Fig. 1:
the pneumatic circuit is completed by air supply devices and

pipes.
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Figure 1: General layout of the pneumatic-mechanical
system: the moving head sustained by pneumatic cylinders.

The most important component of the pneumatic circuit is
a proportional valve connected to the machine frame, whose
layout is sketched in Fig. 2. This is specifically designed to
dynamically counterbalance the weight of the aforementioned
parts. The important role of the valve can be clarified with
reference to the typical operation tasks of the z-axis of the
MC. The pressure value in the cylinder downward chambers
is initially set to 6.2 bar (absolute pressure), when the head
displacement (indicated as x; in Fig. 1) along the vertical axis
is zero.

206

Valve inner
plate i

Figure 2: The compensation proportional valve, sketched
together with the pneumatic circuit layout.

As the spindle head is raised up. the volume in the
chamber increases and the fluids experiences an expansion
with consequent pressure drop. On the other hand, when a
downward displacement is applied, the volume in the
chamber decreases and a pressure increment follows air
compression. It is clear that, as pressure decreases or
increases, the resulting force that reacts to weight varies as
well. Since the weight value is fixed, this force variation
would imply an unexpected extra force, which could prevent
the regular head motion. It is therefore evident that a
compensation valve must be introduced, with the important
function of maintaining pressure at the fixed value of 6.2 bar,
independently of the upward or downward motion of the
moving head. When an abrupt vertical displacement and
consequently an impulsive pressure change take place, the
steady-state value must be restored after a sufficiently brief
transitory. The valve consists of an inlet (F), an outlet
towards the actuators (Z), an outlet for exhausting (£), and
another inlet for regulated pressure (S). Exhausting to
atmosphere is performed through a short pipe, which is able
to shift in the axial direction, partially contrasted by the
elastic force of a high stiffness spring. The layout of the valve
is completed by a plate which is also able to shift in the same
direction. When it is adherent or slightly far off the upper
edge of the flange, the chamber Z at the low side is connected
to atmosphere. Otherwise, when the plate moves down, the
O-ring is able to prevent any connection to the external
environment, while compressed air (6.2 bar pressure) may be
supplied by the inlet V. In the initial conditions, pressure in
the chamber Z is equal to its nominal value of 6.2 bar,
meanwhile pressure in S is regulated at a slightly lower entity
and then maintained constant. As a consequence, the resulting
forces are balanced and the plate stands in its initial position
(indicated by x, in Fig. 2). closing the connection with the
exhausting pipe. It can be observed that when the plate is in
contact with the gasket around the upper part of the
exhausting pipe, the entire inferior surface is no longer
available for pressure. The reason is that the area of the tube
cross section, including also the gasket. must be detracted
from the total area.

The behaviour of this device, which acts as a
compensation valve, able to maintain the pressure constancy,
may be explained as follows. Let us start from the hypothesis
that pressure in Z experiences an abrupt increase, as the head
is lowered. The plate moves upward, so that too high pressure



can be exhausted to atmosphere. It must be remarked that the
pneumatic conductance (considering its definition in [26-28])
of the connection to the external environment is directly
proportional to the distance between the plate and the outlet
and therefore strictly related to the plate upward
displacement. Thus, pressure decreases. coming back to its
nominal value after a transitory. It is easy to understand that
if pressure decreases below 6.2 bar, when the head is raised
up, the plate moves downward. closing connection to
atmosphere and loading the spring. When the force generated
by the pressure in S overcomes the elastic force of the spring,
the inlet V is opened and compressed air can be supplied, thus
re-establishing the initial pressure condition in Z.

3. DEVELOPMENT OF A SIMULATIVE MODEL

A mathematical model was developed for the numerical
simulation of the performance of the entire system described
in the previous section, considering the valve, the pneumatic
circuit and its cylinders and the moving head. The plate
translation was modelled, using Eq. (1), typically applied to
second-order mechanical systems. The inertial forces, the
spring elastic action and friction viscous effects are here
considered. It must be remarked the differential equation in
Eq. (1) has a different formulation, depending on the value of
the plate displacement x (see Fig. 2). When the floating plate
is not in contact with to the O-ring, i.e. for x < x,, the spring
stiffness must be set to zero. Otherwise, when x = x,, the
model must account for the spring stiffness (k). moreover the
mass of the tube for exhausting (m,) must be considered along
with that of the plate (m,) in the computation of the inertial
force.

If x <xp:

mi+c,X=pA —p.A (1a)
If x = xp:

(mp+m,)x+cpx+ks(x—x0)= (1b)
=p.A, - p.A,

¢, is the damping coefficient, accounting for the viscous
friction between the plate and the valve box, pg is the
regulated pressure (constant value), pz is the current pressure
at the valve outlet, A5 and A are the surfaces of the upper and
of the lower sides of the plate. Experimental lab tests and
suitable measurements were arranged to estimate the actual
values of the aforementioned paramecters.

The pneumatic conductances are estimated as follows:

If x < xp:
C,=0 (2a)
Ifx> Xo-
Cll'l = a(“'t - I()) (2b)
Ifx=0:
Cou=C (3a)
If0<x<xp
Co=C-E.x (3b)
o

If x 2 xp:

=0 (3¢)
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C,, in Eq. (2) is the inlet conductance (from J towards Z),
whereas C,,, in Eq. (3) is the outlet conductance (from Z
towards F), a is a suitable coefficient and C is the
conductance of the completely opened exhausting pipe.

Considering then the pneumatic cylinders, it was
necessary to model the pressure variations, considering both
the entering or exiting flows and the compressions or
expansions due to the head and cylinder piston displacements.

_[f6| (Fa) 4
Pi [.[Ca]il'l'ﬂl (V;] )

The pressure at the (i-th) step of expansion/compression is
computed in Eq. (4), where G represents flows entering or
exiting the cylinders, p, V" and Ca are the current values for
pressure, internal chamber volumes and pneumatic capacity
(according to its definition in [7, 29]). This term also depends
on the current values of pressure and volume and on the
polytrophic coefficient »n (a value of 1.2 was assumed, as in
[7]). The subscripts (i-/) and i stand for the calculation steps.

e - T—

Figure 3: Layout of the Simulink model. Blocks 1 and 2:
Proportional valve. Blocks 3 and 4: Pipes and cylinder. Block
5: Piston displacement.

As mentioned in Section 1, the head displacement is
performed by ball screw. The following equations are able to
model how the head position is followed by pistons, and how
the pressure and the force counterbalancing weight vary after
perturbations. The displacement of the pistons can be
retrieved by the integration of Eq. (5), modelling the vibration
of a second-order mechanical system with two degrees of
freedom. The viscous term ¢, accounts for friction between
the pistons and the cylindrical surfaces, whereas the symbol
m. stands for the mass of cylinder pistons. The symbol &,



finally stands for the stiffness of the horizontal beams
connecting the moving head to each piston.

mX, +c.X, + k(x,-x)=F-P (5)

F is the total pneumatic force generated by the two
cylinders and P is the head weight. For the sake of clarity,
subscript 2 is added to refer to displacement ( x, ), velocity

(x,) and acceleration (¥,) at the piston location, whereas

subscript 1 is appended to indicate the head controlled
displacement (x,). The related reference system is depicted

in Fig. 1.
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inletand outlet
conductances

-
-
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Implementation of Eq. (1): determination
of the plate displacement

Figure 4: Internal layout of Block 1: implementation of Egs.
(1), (2) and (3).
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Figure 5: Internal layout of Block 4: implementation of Eq.
(4) and calculation of the force F.

Integration of Eq. (5):
determination of the piston
displacement x,

Figure 6: Internal layout of Block 5: integration of Eq. (5) for
the determination of the piston displacement (x;).
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The entire mathematical model was implemented. using
the Simulink package in the Matlab environment. This
environment proved to be highly efficient in the
implementation of differential and algebraic equation
systems, as confirmed by previous contributions available in
literature [7, 15]. A general view of the Simulink model is
sketched in Fig. 3, some details are shown in Figs. 4 to 6.

4. SIMULATION RESULTS

The implementation of the math formulas, describing the
pneumatic and mechanical behaviour can be summarized as
follows. The input is given by the controlled displacement of
the head. When a displacement is applied, the new position of
the cylinder pistons is computed, integrating Eq. (3).
Afterwards, a new value of the pressure in the cylinder is
calculated by Eq. 4: two phenomena are taken into account:
air supply or exhausting from the proportional valve and air
compression or expansion. Then, the pressure p; (acting at
the valve output), related to the pressure in the cylinder
chamber, can be estimated. The implementation of Eq. (1)
leads finally to the determination of the new plate position
and of the updated inlet and outlet conductances (Egs. 2-3).
The developed model is therefore able to simulate the
response of the proportional valve that maintains pressure pz
at an approximately constant value. In particular, compressed
air supply, as pressure decreases, and air exhausting,
following a pressure increase, can be efficiently modelled.

The first aim consisted in the determination of the system
behaviour, following abrupt displacements applied to the
moving head. For this purpose, the response to step inputs
was studied. It was therefore supposed that the head
experienced step upward or downward displacements: the
Simulink model made it possible to simulate the displacement
of the pistons and the trend of pressure generating the
counterbalancing force. The entities of the step displacements
were chosen so that they were consistent with the
technological processes performed by the MC. The trends of
the head and of the piston displacements are compared in Fig.
7, considering an upward 3 mm step, generating an expansion
in the cylinder chambers.
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Figure 7: Controlled displacement (upward step. x;) of the
head, compared to that of the cylinder pistons (x;).



It can be observed that the pistons experience damped
vibrations which can be assimilated to those of the second-
order mechanical systems. It is interesting to remark that the
system proves to be very efficient, as the discrepancies
between the two displacements drop to negligible values after
just twenty milliseconds. Two pressure trends in the cylinder
lower chambers are plotted in Figs. 8-9. The first one (Fig. 8)
refers to the response to the aforementioned upward step.
Whereas, the latter (Fig. 9) refers to the response to a
downward 5 mm step generating compression. For the sake
of brevity, the displacement trends are not plotted in this last
case, as they are qualitatively similar to those in Fig. 7.
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Figure 8: Pressure trend at the cylinder lower chamber after
an upward step displacement (a), enlarged view in (b).

5. DISCUSSION

It is interesting to compare the pressure trends, when the
head displacement generates an expansion or a compression.
In the first case, Fig. 8(a), the pressure value has an abrupt
decrease, followed by a quite rapid increase due to the
compensating effect of the proportional valve. The enlarged
view, Fig. 8(b), denotes several fluctuations in the globally
ascending part of the curve, which are likely to be due to
piston vibrations. The required value of pressure is
established again after less than 1 s, but the difference
between the required and the actual value comes to a
negligible amount after just 0.1 s.
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Figure 9: Pressure trend at the cylinder lower chamber after a
downward step displacement (a), enlarged view in (b).
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Figure 10: Displacement of the valve inner plate, when a
downward step displacement is applied to the head.

In the case of the downward displacement. Fig. 9(a), with
consequent cylinder compression, the pressure in the cylinder
chamber experiences an abrupt increase, as expected. Just
after, the valve exhausting outlet is opened, which implies a
rapid and uncontrolled decrease. The consequence is that in
just 5 ms time, pressure goes back to the reference value of



6.2 bar and then keeps decreasing, thus assuming lower
values, like in the expansion case, Fig. 9(b). As pressure
becomes lower than 6.2 bar, the supply inlet is opened and
the reference value is established again after about 1 s from
the step displacement. This occurrence can be better
explained in the light of the graph in Fig. 10, where the
displacement of the valve inner plate (indicated by x in the
differential equation, Eq. (1)) is plotted. In the beginning, the
plate is standing in its initial position, marked by x, in Fig. 2,
corresponding to 9.5 mm. As a consequence of pressure
increase, it moves upward, corresponding to lower values of
x. Therefore, the exhausting outlet is opened with increasing
conductance, as the plate moves upward. Upon air
exhausting, pressure starts decreasing and the plate moves
downward with some vibrations, corresponding to the
pressure fluctuations of Fig. 9(b). After about 30 ms, the plate
comes back to the initial position, thus closing the exhausting
pipe, whose conductance drops to zero. The change of slope
that can be observed at this time, indicating a steep increase
of the plate velocity, can be easily explained and may be
regarded as a proof of the high efficiency of the valve. As the
pressure tends to decrease below 6.2 bar, the plate closes the
connection with the exhausting outlet: it is at this moment
that the area where pressure p; is applied (A4z) gets
instantaneously decreased. The reason for this occurrence is
that the pipe cross section must be detracted from the total
extension of the area where pressure is acting. The
consequence is that the force transmitted by pressure py is
contrasted by a much lower force (since p; acts on a
significantly reduced area): this occurrence makes the plate
accelerate in its downward displacement (x becomes higher
than 9.5 mm). As a consequence, the supply inlet is rapidly
opened, with consequent pressure increase. As the pressure
increases to 6.2 bar again, the plate comes back to its initial
position and the valve compensation task is concluded.

The final issue regarded the development of an equivalent
simulative model, i.e. a model that was able to provide
acceptable approximated results in a very short time. The
main application of this equivalent model was in the
simulation of the entire MC (considering all its five axes),
where the here studied pneumatic-mechanical group is
integrated. In this case the adoption of the complete model
would have led to too long simulation times.

As it has been emphasized and clearly visible in Fig. 7,
the system response in terms of the piston displacement (x;)
can be easily assimilated to that of second-order systems. In
particular, the analysis of the displacement trend, exhibiting
damped vibrations, leads immediately to the determination of
the maximum sovraelongation and its period. The performed
processing consisted in the estimation of the critical damping
& and of the related eigenfrequency @,. characterizing the
whole pneumatic-mechanical system [30]. In other words, the
entire device could be regarded as a conventional second-
order system with the determined & and @, parameters and,
therefore, with the same dynamic behaviour. The calculated
data, 6 = 0,0496 and @, = 5935 rad/s, were then used to
implement the simple mathematical model of the equivalent
second-order system. By the integration of Eq. (6). it is
possible to determine the piston displacement x,’, depending
on the head motion law x;. The superscript ' is here appended
to denote the aforementioned approximation.
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Once estimated the trend of piston displacement. the last
step consisted in the calculation of the amount of the
pneumatic force that counterbalances weight. To get this
result, the differential equation in Eq. (5) was inverted as in
Eq. (7).

F= mc‘i2'+ccx2'+k‘,(x2'—x,)+ P (7

The adoption of the described simplified model made it
possible to perform several simulations in a very short time
and to investigate the mechanical response to many kinds of
motion laws applied to the moving head. For instance. the
response to a ramp is shown in the enlarged graph in Fig. 11.
When considering a gradual movement of the head.
representing the most frequent operating condition, rather
than a step displacement, the vibration of the pistons has a
really negligible amplitude, which is a further proof of the
efficient pressure compensation operated by the proportional
valve.
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Figure 11. Response (x;) to a ramp displacement (x;) applied
to the spindle head.

6. CONCLUSIONS

The present paper has dealt with the development of the
analytical model of a pneumatic-mechanical device, whose
main element is a proportional pneumatic valve. The main
issues can be summarized in the following points.

In the Introductive paragraph the field of application of
the present research has been pointed out. Reference has
been made to the design of a machining centre, whose z-
axis consists of an integrated pneumatic and mechanical
system.

The main features of the pneumatic and mechanical
system have been described, with particular reference to
the operating mode of the proportional. valve and to the
procedure to dynamically counterbalance the weight of
the spindle head.
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All the analytical equations regarding the mechanical
issues and the air flow in the valve and in the circuit have
been pointed out. along with their implementation in the
Matlab-Simulink environment.

The simulations dealt with the response to some critical
operating tasks, where the moving head experiences step
displacements with impulsive pressure variations. The
results proved that the proportional valve is remarkably
efficient, both when air exhausting and when supplying
are required. The expected pressure value can be
established again afier less than 1 s.

Finally, studying the response to step displacements made
it possible to determine the main parameters (critical
damping and ecigenfrequency) of an equivalent second-
order system, i.e. a system with the same dynamic
behaviour.

This outcome led to the development of a simplified
Simulink model with a high efficiency from the
computational point of view. Running this model, made it
possible to test the efficiency of the compensation
proportional valve in response to whatever motion law
applied to the head.

Regarding further applications, the second-order
equivalent model can be incorporated into the entire
model of the machining centre with excellent results in
terms of accuracy and efficiency.
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