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Abstract

Pneumatic actuators are widely used components for industrial automation, primarily
due to their high power-to-volume ratio, high speed, simplicity of use, and the ease with
which they can satisfy applications” motion requirements. The accurate evaluation of
the energy consumption in pneumatic systems is a topic of increasing importance due
to contemporary attention to sustainability. Actuators of the same size have different
pneumatic energy needs depending on the specific function they must accomplish, in
terms of displacement, force, operational speed, and motion time. The dedicated literature
focuses either on the best practices for the configuration of the circuit or on the pneumatic
energy consumption in specific sections of the system; when electrical energy consumption
is treated, only steady-state conditions are considered. Starting from this state of the art, this
paper proposes a new general procedure for the assessment of the electrical energy required
to perform specific functions in industrial machinery that relies on pneumatic actuators.
The procedure is based on the evaluation of the air mass consumption of the actuator
considering its actual application requirements, either through experimental measurements
performed on the machinery or through a numerical simulation of the system. Regarding
the numerical approach, an experimentally validated dynamic multi-domain model of the
pneumatic system is proposed to also properly analyse the relevant transient behaviour.
Starting from the evaluation of the air mass consumption, the procedure outlines how to
calculate the corresponding electrical energy requirements, considering the application
requirements and the operating point of the compressor. To this end, the procedure also
includes a method to tailor the ISO 1217 standard to the actual working conditions of the
compressor. The procedure, which enables the accurate mapping of the requirements
placed by the application on the pneumatic actuator to the ultimately required electrical
energy inputs, is validated through several simulations of real cyclic application cases. The
results in terms of electrical energy consumption are compared to those obtained with
the traditional method based on the steady-state behaviour of the system; the comparison
shows that the proposed procedure evaluates the energy consumption with greater accuracy
in applications characterized by highly dynamic work cycles.

Keywords: general procedure; electrical energy consumption; pneumatic actuators;
dynamic behaviour; multi-domain modelling

1. Introduction

Pneumatic actuators are widely used in automation thanks to their high power-to-
volume ratio, high speed, simplicity of use, and the ease with which they can satisfy the
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motion requirements of a wide range of applications. The choice of the actuator type and
size is highly dependent on its specific intended use and on the technological process
that the application implements; it is thus driven by the force and actuation times that
need to be achieved. All the pneumatic components connected to the actuator, such
as pipes and valves, must be sized and regulated accordingly. To perform its function,
a pneumatic actuator uses pneumatic energy stored as compressed air, which is generated
by an air compressor unit and properly treated to bring humidity and impurities down
to acceptable levels. The air compressor and the associated air-treatment equipment are
mostly powered by electrical energy; therefore, the pneumatic energy needed by the
actuator leads to electrical energy consumption. Similarly to hydraulics [1-3], pneumatic
systems display low efficiencies, due to three main dissipation mechanisms: distributed and
localized pressure drops in the piping systems, unintended air leakages, and pressurized
air deliberately discharged from the actuators to enable their motion; while the former two
issues can be mitigated with proper plant design, realization, and maintenance, the latter is
unavoidably tied to the working principle of the actuators. At the same time, pneumatic
systems are cheap, rugged, and highly modular [4], making them attractive in industrial
applications that do not require precise motion control. Beyond industrial applications,
pneumatics also lend themselves to the implementation of soft actuators, leading to niche
applications such as haptic [5-8], medical [9], and rehabilitative [10] devices, and also to
bio-inspired systems [11]. Due to this mix of strengths and weaknesses, the analysis and
reduction of pneumatic energy consumption are topics that have attracted robust and
decades-long scientific interest, as evidenced by the numerous papers published in the
literature; contemporary relevance is further heightened by the increasing attention devoted
specifically to efficiency and sustainability. Many papers in the literature deal with methods
for the efficient generation and use of pneumatic energy; for example, ref. [12] summarizes
and compares several different circuit configurations aimed at the improvement of energy
efficiency and energy saving in pneumatic systems. The authors of [13] propose a new
type of pneumatic circuit where an actuator is directly driven by a small speed-controlled
compressor, while ref. [14] suggests a new configuration based on the use of additional
valves to set different pressures in the actuator chambers. In [15], a configuration composed
of a bridge pneumatic circuit controlled by four switch valves is presented; the authors
then propose a new optimized mode for the control of the valves. Also, in [16] a bridge
configuration is considered and two energy saving methods are presented for the control
of the valves. The work presented in [17] deals with energy savings achieved with a circuit
solution that implements the air supply cut-off, while ref. [18] proposes the use of an
accumulator for the recovery of the exhaust air of a primary actuator that subsequently
powers a secondary one. A recent review paper [19] analyses different methods for energy
saving, energy recovery, and reduction of leakage, based on specific circuit solutions or
on the implementation of specific control methods. Other papers are more focused on
control solutions; for example, in [20] the actuator supply pressure is regulated according
to the load requirements by means of a real-time adaptive control system. In [21], a new
control strategy based on throttle valves connected to the actuator is presented. Other
papers [22,23] present a strategy that integrates a model-based approach and a hybrid
machine learning model for the online monitoring and configuration of an actuator, aiming
at the optimization of its operating conditions. In [24], it is demonstrated that an effective
control system for pneumatic actuators leads to a more significant improvement than that
obtainable with specific circuit configurations. Other recent works concerning control
solutions include [25,26]. Ref. [25] describes an innovative control strategy for pneumatic
servo-actuators: an observer-based sliding mode controller is shown to improve tracking
performance and to reduce energy consumption. In [26], a hybrid adaptive sine—cosine
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algorithm to optimize the control of a pneumatic actuator is presented, while in [27] the
authors focus on how the pneumatic energy is transferred to the actuator, proposing a
method to assess pneumatic power consumption. In [28], the authors use the concept of an
air power meter for the measurement of the pneumatic energy flowing through a generic
section of the circuit, with the goal of highlighting the pneumatic energy transformation
efficiency. Similarly, ref. [29] uses the air power to quantify the pneumatic energy flowing
in pneumatic systems and to identify energy waste due to improper settings and operation,
as well as air leakages and inappropriate equipment. The study in [30] shows some methods
to determine the energy losses and efficiencies of typical pneumatic equipment and devices,
with the goal of enabling the comparison of different approaches or configurations for
energy saving. In [31], the authors use an air power meter to measure the pneumatic energy
consumption associated with the air flow in a pneumatic actuator that lifts a mass in the
vertical plane from an initial to a final position. The authors of [32] use a compressed air
consumption calculation, air power analysis, and exergy analysis to investigate variations
in the pneumatic energy transformation efficiency in a pneumatic system. The paper
shows equations representing a static calculation that compares the initial thermodynamic
state within the filling volumes with the state achieved once the motion of the piston
is completed. In [33], the authors present an exergy analysis on a simulated pneumatic
system, highlighting the pneumatic energy conversion in a pneumatic actuator. The authors
of [34] introduce methods to evaluate and measure the power consumed by pneumatic
systems and their application, bounding the efficiencies of the single components and of the
overall plant, but do not consider the specific work cycles implemented by the pneumatic
equipment. The analysis of the current state of the art reveals that some of the papers are
more focused on single parts of the pneumatic system, whose configuration is proposed to
be replaced with more efficient ones; others deal with the correction of improper settings
and operation of the system, as well as air leakage and inappropriate equipment, with the
aim of improving the efficiency of the pneumatic circuit; others treat the evaluation of
pneumatic energy consumption just in one specific section of the circuit. In all these
cases there is no comprehensive perspective of the complete system, starting from the
application requirements to the electrical energy actually absorbed by the power supply
system. Moreover, the reviewed papers, even though frequently concerning actuators,
do not relate the electrical energy consumption to the specific function of the actuator
itself, expressed in terms of operational speed, motion time, and exerted force. In addition,
the dynamics of the system, from both the mechanical and the pneumatic point of view,
and the cyclic motion typical of industrial automatic machines are not considered. As a
matter of fact, the papers in the literature consider only the actuator stroke and not the
relevant actuation time, focusing only on the steady-state behaviour and neglecting the
transient dynamics of the system.

Motivated by these gaps, and focusing mostly on industrial pneumatics, this paper
proposes a novel general procedure for the assessment of the electrical energy that is
consumed in the execution of specific actions by individual pneumatic actuators within
complex automatic machines. The procedure is based on two pillars: the analysis of the
dynamic behaviour of the actuator, which allows the accurate evaluation of the air mass
consumption, and the quantification of the electrical energy required at the compressor to
restore the lost air mass. The adopted perspective allows a high level of granularity, as the
various contributions to the overall electrical energy consumption are pinpointed to each
specific actuator in the plant. The scope is not limited to the usual steady-state analyses,
as the transient dynamics that occur in each work cycle of the actuators are explicitly taken
into account. Moreover, the energy consumption considers the specific configuration of the
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actuation units, which typically work under different operating conditions depending on
the varying requirements of flexible production systems.

The procedure starts therefore from the analysis and evaluation of the application
functions, which are characterised by the stroke, operational speed, force, and motion time
required from the actuator. The knowledge of the implemented functionalities also includes
the number of cycles needed by the application, such as those occurring, e.g., in automatic
machinery for assembly or pick and place performed according to a repeated work cycle.
This analysis then allows the evaluation of the actual air mass consumed for the execution of
the specific work cycle. The actual operating point of the air compressor unit is also defined,
along with the corresponding electrical energy needed to restore the air mass depleted by
the actuators. To this end, within the proposed procedure the paper outlines a method to
adapt the ISO 1217 standard [35,36] to the evaluation of the compressor performance in
its actual working conditions. The air mass consumption can be evaluated either with a
numerical approach or experimentally, relying on direct measurements of the mass flow
rate. Within the present paper, the authors have adopted the first approach, calculating
the air mass consumption by means of a lumped-parameter numerical model, which,
after validation against experimental data, was used to perform extensive simulations
of different typical industrial application cases. The results obtained with the proposed
procedure are compared with the traditional method based on a steady-state analysis of the
system; notable differences emerge for highly dynamic work cycles. In summary, the main
contributions of the paper are as follows:

*  An overall procedure for the evaluation of the air mass consumption of pneumatic
actuators under specific configurations and operating conditions.

¢ An experimentally validated dynamic model of the actuator that enables the nu-
merical calculation of the air mass use, considering also its usually neglected
transient behaviour.

* A comparative analysis that highlights the effects of the different actuator configura-
tions and of the work cycle on the overall electrical energy consumption.

*  An estimation of the operating ranges within which the usual steady-state energy con-
sumption calculations deviate significantly from the results provided by the proposed
procedure due to non-negligible transient behaviours of the system.

The proposed procedure focuses on the electrical energy consumption associated with
the operation of each actuator; other energy loss mechanisms can be quantified separately,
since they are independent from the discussed assessment method, and remain outside its
scope; despite this separation of concerns, the results of the different energy consumption
analyses can be integrated with each other to yield a global energy characterization of
the pneumatic system. The rest of the paper is structured as follows: in Section 2 the
materials and methods are described, with particular focus on the pneumatic system
under analysis, on its modelling, and on the experimental validation of the model itself;
moreover, the proposed procedure for the assessment of electrical energy consumption
in pneumatically actuated machinery is outlined in detail. Section 3 reports the obtained
numerical results, which are then discussed in Section 4. Finally, Section 5 draws the
main conclusions.

2. Materials and Methods
2.1. Pneumatic System Description

A pneumatic system is composed of a pneumatic energy generation and distribution
unit that generally supplies multiple different automatic machines. The top part of Figure 1
depicts the typical components of a generation system, where the air is distributed to the
different machines at a distribution pressure p; through a piping system; the configuration
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of the latter depends on the actual number and position of the connected equipment.
Regardless of the particular configuration of the system, some notable plant sections can be
highlighted in general terms:

®  Section A, the inlet port of the compressor.

e Section B, the outlet port of the vessel, i.e. the inlet port of the distribution
piping system.

*  Sections C; to Cy, the inlet ports of each automatic machine.

Cy
automatic
machine 1

E ' . plant E_
© compressor i distribution . E
A filter : B Eplpmg system i L Cy
. . : : E automatic
Pa + ---------- ‘ ~I— ;
: ' ! \ ' machine 2
: dryer ' E E E
: b } Ca
E compressed air ~_ E P E automatic
\_ supply unit vessel ) i Tmooommmmooo- : machine n
Automatic E ST T Ne!
machine n . i 'l | E I K Fpu(t)
/foi  in-machine /" I - XM
distribution: | + control B Fa(z,v)
' piping ! | . + valve actuator | . ’
' b ! P S —
Ca D, ¢ system 1 L ' E mechanical
‘I‘lE|7 Pdy, mmestes AIT load
! \ , s '
pressure E : V. : ,:
regulator : ; i EE T e ‘
' , . B, actuation
~— ' ' E I ‘ unit j

Figure 1. Overall plant scheme, highlighting the compressed air supply unit, the distribution systems,
and the automatic machines, with their inner structure.

As highlighted in the exploded view in Figure 1, some important sections and com-
ponents should also be singled out within the generic automatic machine n. The latter
has, first of all, its own pressure regulator that, starting from the plant-level distribution
pressure p;, sets a machine-specific distribution pressure p; . The supply pressures p;
powering each actuation unit will then depend not only on p; , but also on the losses and
pressure dynamics that may occur in the in-machine distribution piping system. These
losses and variations may be negligible depending on the quality of the design of the
in-machine distribution piping system. Finally, the several different actuation units will be
suitably controlled and regulated in order to execute the overall machine work cycle. The
relevant in-machine sections can be enumerated as follows:

*  Section D, is the outlet port of the vessel, i.e., the inlet port of the distribution
piping system.

*  Sections Ey, to Ey, are the inlet ports of the different pneumatic actuation units, each
comprising an actuator together with the related valves.

* Section Gy, is the mechanical interface of actuator j, representing the link to the
mechanical load. The latter is generically represented as a mass M; an applied force
Fext, that is a function of time t; and a dissipative force F;, dependent on position x
and speed v.
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It should be noted that, among the different highlighted sections, the compressor inlet
and the pneumatic actuator mechanical interfaces are the most significant. These indeed
represent the input and output power sections of the system that transforms the electrical
energy input into useful mechanical work. In pneumatic systems, this transformation
necessarily requires the consumption of compressed air. Accurately relating the air mass
consumed by the actuator to the electrical energy input to the compressor is the main goal
of this work; accordingly, a suitable model of the pneumatic actuator is needed.

2.2. Multi-Physics Dynamic Model of the Actuator

The overall dynamic behaviour of a pneumatic actuator spans three distinct physical
domains, namely, the mechanical, gas, and thermal ones, as shown in Figure 2a. The figure
depicts all the main components of the pneumatic actuation unit required in a typical
application: the pneumatic cylinder; the piston; the associated piping; and the main control
and regulation devices, specifically the directional valve and the two throttle valves. The
directional valve routes the supply pressure to one cylinder chamber or the other based
on a logical command u. Thanks to the internal structure of each throttle valve, the inflow
impedance is minimized, while the outflow orifice can be regulated to achieve a suitable
back-pressure that leads to the desired piston motion characteristics.

{H

0 . ' .
Q% H SQCB
| F ext DPezy Pczy
chamber M F, Vo T
@ chamber J D & *
‘\Chamber/. )%K%, piston
ports .
\ / ) @ ch
throttle valves Qtvz A
Pp
Pp2| sz
Voz Tpz 3/2
directional
ﬂ\ valve
Qdvz

5/2 directional A

\ / o— valve T _lx
T \

Ly T?I—Tl‘l_ Ds Da

ogical
DPa Ps Pa Pa Ps Pa command %

@) (b)

Figure 2. Actuator domains and control volumes. (a) Actuation unit scheme and physical domains:
mechanical (green), gas (dark yellow), and thermal (red). (b) Control volumes, state variables, and
mass and thermal flows of the generic side z of the actuation unit.

The mechanical domain allows the description of the motion dynamics of the actuator as
a function of the connected masses and of the forces acting on the piston. The pressure inside
the actuator chambers and the air mass flow through the actuator control valves are analysed
in the gas domain. The heat transfer between the air within the cylinder chambers (and within
the associated pipes) and the external environment should be treated in the thermal domain.
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2.2.1. Modelling in the Mechanical Domain

The mechanical domain is represented in green in Figure 2a; it consists of the piston,
the payload, and the applied forces. The load is represented by the general external force
F.xt and by the dissipative force F;. Moreover, inertia actions due to the total mass M and
the forces generated by the air pressure in the two chambers are also applied to the piston.
Hence, the dynamics of the piston can be described by the following equilibrium equation:

Mi + Fd(x, Z)) = PeaAu — PCﬁA‘B — Fext — Pa(Aa — A,B) , (1)

where pen Ay and pgAg are forces due to the air pressure acting, respectively, on faces Ay
and Ay of the piston, while p,(Ay — Ag) is the force due to the ambient pressure on the
cross-section of the piston rod.

2.2.2. Modelling in the Gas Domain

For modelling purposes, a linear pneumatic actuation unit can be decomposed into
two parts, labelled « and §, governed by formally identical equations. As represented
in Figure 2b, the generic side z is composed of a cylinder chamber, the associated pipe,
the throttle valve, and a 3/2 valve representing one half of the overall 5/2 directional valve.

The figure also highlights that there is a fixed control volume for the pipe and a
deformable one for the chamber, the associated state variables, and the mass and ther-
mal flows.

The modelling in the gas domain was performed under the assumptions of perfect
gas behaviour, neglecting both leakages and the air’s kinetic and potential energies. The
Reynolds transport theorem [37,38], applied to mass and enthalpy in the two control
volumes depicted in Figure 2b (in which the state variables are assumed to be spatially
homogeneous) yields the following equations:

Pez v Vez PezVez -
Gtz RT,. cz + RT., Pez RTZZ cz )
VezPez + V, .
czPez T VPezVez _ Qe + Grozhtoz 3)
¥—1
Vi PpzVz -
Pz pz Vpz
Qdvz — Gtz = 5o Prz — 05— 1, @)
vz vz Rsz pz RT%Z -
Vi .
r:%pliz = QPZ + dezhdvz — Qtvzhtvz . (5)

Solving Equations (2)—(5) for pcz, ppz Tez, and T); leads to the following:

Te: = C?nfcz o T C‘fnp T ©)
Pez = 7‘/:21 Qcz — W‘ZZZ Pez + %qtvatvz (7)
Ty = Cfnr;; e g g TR Ty - T T ®)
Do = ”*‘;;sz " &qunm - &iqtvznvz. ©)

In the equations above, p indicates pressure, V volume, and T temperature, while p,
V,and T are the associated time derivatives. The mass of the fluid in the control volume is
denoted as m, while g represents the mass flow rate. The symbol R identifies the specific
gas constant, ¢, is the isochoric specific heat capacity, and y is the specific heat ratio; finally,
Q denotes the heat flow rate. The subscripts cz and pz stand for “chamber z” and “pipe
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z”, respectively. Furthermore, the subscripts tvz and dvz indicate quantities related to the
flows through the throttle and the directional valves on side z of the actuation unit. In
particular, T}, refers to the temperature of the fluid passing through the throttle valve,
corresponding either to Tc; or to T, depending on the direction of the flow. Similarly,
T4y, refers to the temperature of the fluid passing through the directional valve, that
corresponds either to Tj; or to the supply fluid temperature T; depending on the direction
of the flow. Equations (6)—(9) must be completed with additional relationships that express
the valve way flows q4,, and g1, as a function of the state variables pc;, Tcz, ppz, and Tp..
With reference to the ISO 6358-1:2023/Amd.1:2020 standard [39], a valve way behaves
similarly to a nozzle, in that the air mass flow rate through the valve ports depends on
the valve characteristics, on the duct upstream pressure p,,, and on the downstream
pressure py,. The standard, neglecting any air leakage, defines four valve characteristic
coefficients: the sonic conductance C, the critical back-pressure ratio b, the subsonic index
m, and the cracking pressure Ap.. For industrial pneumatic components, the subsonic
index is approximately m =~ 1/2; the cracking pressure Ap, is usually zero, except for
devices that, by design, open only after a certain pressure differential threshold, such as
pressure regulators and check valves. The two remaining parameters for the definition of
the valve mass flow rate can be obtained experimentally, as discussed in [40], or from the
component data sheet.

The mass flow rate in the active valve way, positive when flowing from the port at a
higher pressure (p,) to the one at a lower pressure (py,,), is given by

T
q= Gn(Pup/ Paw, Tup|cr b,Apc) = CPHPPO\/ fOPCD(Pupr Pdw, Ape, b) . (10)

Defining the pressure ratio r = pgy,/ pup, the function ®(pup, paw, Ape, b) is written
as follows:
Ape
Pup
@ (Pup Paws Ape,b) = ¢ 1 ifr<b. (1)

r—>b 2\" Ap
1— — ifb<r<1-——L<,
( (1—b—APc/PuP) ) ' ' Pup

The no-flow condition corresponds to r > 1 — Ap¢/ pup, whereas r < b corresponds to

0 ifr>1-—

a choked sonic flow; in between, for b < r < 1, the flow is subsonic.
Concerning the throttle valve, the mass flow rate is considered positive if entering the
actuator chamber. Accordingly, it may be expressed as

+Gy (sz/ Pez, sz | Cevz, bevz, Apc,cvz) if Ppz > Pez
-Gy (Pcz/ Ppz, Tcz‘ctvz/ broz, APC = 0) if Ppz < Pez -

Qtvz = (12)

This formulation accounts for the asymmetric behaviour of this pneumatic component
through the introduction of distinct conductance, critical back-pressure ratio, and cracking
pressure parameters: the in-built check valve is characterized by the parameters Ceyz, beyz,
and Apc vz, while the behaviour of the throttling orifice requires separate Cyy; and by
parameters, and a null cracking pressure.
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The mass flow rate through the 3/2 directional valve of Figure 2b on the other hand is

+Gn(ps, Ppzs Ts|Caozr bioz, Dpe = 0) ifu>0,ps > pp:

—Gu(Ppz, Pss Tpz|Cavzs bz Ape = 0)  ifu >0, ps < ppe
Qdvz = . (13)
_Gn(sz/ Pa, sz|cdvzr byoz, Ape. = 0) ifu < O/sz > Pa

“I‘Gn(Pul Ppz, Tu|cdz;z/ biyz, Ape = 0) ifu < O,sz < Va,

where p; and Ts represent the pressure and temperature of the flow that supplies the
directional valve. In general, therefore, q4,, = Gz (Ps, Ppz, Pas Ts, Tpz, Ta, 4| Corz, baoz ), €ven
though the ambient pressure and temperature p, and T, can be assumed to be constants
in the typical measurement or simulation interval; ps; and Ts can also often be considered
constant, provided that the supply system is properly designed.

Most commonly, all the ways of the 5/2 valve display the same behaviour; hence, one
conductance Cj,, and a single critical back-pressure ratio by,, are sufficient to characterize
the entire device.

2.2.3. Modelling in the Thermal Domain

In a pneumatic actuation unit, the thermal exchange mainly occurs between the
environment and both the cylinder chambers and pipes [33,41,42]. Accordingly, the thermal
domain is marked in red in Figure 2b, highlighting the thermal energy transfers sz and
Qcz- Heat exchange between air flowing in a pipe or chamber and the environment can be
modelled via the following:

¢ Internal convection, dependent on the local flow and thermodynamic state;

e  Wall conduction;

¢  External natural convection and radiation, both driven by the temperature differential
between the outer wall surface and its surroundings.

For a given pipe or chamber, the heat rate can then be expressed under the proposed
modelling approach as a function of the internal state, the internal flow, and the ambient
temperature, with geometry and material properties treated as fixed parameters. In general
terms, the following functional dependencies may be written:

ch = ch (Tcz/ Pcz, qtoz, Tu) (14)
sz = sz (sz/ Ppz,9dvzs Gtoz, Ta) . (15)

The specific heat transfer regime occurring between the control volumes and the
external environment is bounded by two limiting conditions: the adiabatic one, with null
heat flux occurring between the two; and the isothermal, characterized by a constant fluid
temperature enforced through suitable values assigned to the heat exchange terms. In the
subsequent discussion, emphasis is not placed on the detailed thermal modelling of the
system, but rather on the analysis of these two envelope cases.

2.2.4. Complete Multi-Domain Model

The complete dynamic model may be obtained by assembling the equations of the
different domains, leading to a system of ten first-order differential equations. The state
vector is defined as follows:

Y = [Tew peu Tpa Ppa X © Teppep Tpp Ppﬁ]T- (16)

Then, V,,, Vep, Ven, and Vclg can also be straightforwardly expressed as functions of the
state variables x and v. Considering together the mechanical equilibrium at the piston and
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the models in the gas and thermal domains for chambers and pipes « and §, the complete
multi-domain model of the pneumatic actuator is obtained in the form:

A ,t 0 0

452‘(]/ ) 4x2 4x4 ff‘i‘(y’t)

. A A A B Lt
g=1| Sm fm O |yt (Benlw ], (17)

0 0 A ,t B 1

4x4 4x2 455(]/ ) 45,13(y )

or more compactly as

y=A(y,t)y+B(yt). (18)

In Equation (17), the various sub-matrices are defined in accordance with Equations (1)

and (6)-(9) as follows:

_toa VC"‘ 0 0
Men CUWV%/x
YVea
0 —_— 0 0
Agnx - VCDC . 7 (19)
0 0 Qtoa — qdvn 0
mp,x
i 0 0 0 0_
- V -
_wp _ _Vep 0 0
meg Collep
’VVC/S
0 - 0 0
Agﬁ = Vcﬁ ’ (20)
0 0 dtop — qdop 0
Mpp
L O 0 0 0]
0 0 0 0] [0 1 0 0 00
Ama = Ay s Axo rAmﬁ = Aﬁ 7 (21)
- 0 0 __F
0 M 0 0 0 M 0 0
i 1 - Gtoa T
+ T;
Cv”{czx Qe R czx’y fou
IYV chx + v Yqtoa Troa
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2.3. Experimental Validation of the Multi-Domain Model

In this paper, the authors evaluate the air mass consumed by the actuator, relying
primarily on a simulation approach based on the multi-physics dynamic model described
in Section 2.2. The present section deals therefore with its validation, which was achieved
through several experimental activities performed on a suitably configured test rig, as
shown in Figure 3. The experimental apparatus was equipped with a FESTO (Festo AG
& Co. KG, Esslingen am Neckar, Germany) DGPL pneumatic linear drive, a Metal Work
(Metal Work S.p.A., Concesio, Italy) series 70 directional valve, a position transducer to
measure the position of the actuator piston, and two pressure transducers to measure the
pressure in both the actuator chambers. A third pressure gauge was used to monitor the
supply pressure. The details concerning the test rig components are summarized in the
following list:

e  Pneumatic actuator: FESTO DGPL-25-300-PPV-A-B-KF-GK-SH-D2, with a maximum
stroke of 300 mm, and a bore diameter of 25 mm.

. Directional control valve: Metal Work SOV 35 SOB 00, 5/2 configuration; conductance
equal to 4.4043 x 10~8 Nm® Pa~!s™; critical pressure ratio equal to 0.27.

¢  Position transducer: FESTO MLO-POT-300-TLF (potentiometer with a 0.01 mm resolu-
tion).

*  Pressure transducers: FESTO SDE-10-10V/20mA, with a measuring range of 0 bar to
10bar.

e  Throttle valves: PNEUMAX (Pneumax S.p.A., Lurano, Italy ) 6.01.18N.

= s posmon transducer ;
throttle valve ﬁ m
- _J" :
; d pneumatic actuator - E i
%‘0—‘ pressure transducer ,3 pressu.re transducer o /

‘-
S—

directional control valve

Figure 3. Test rig.
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During the course of the experimental tests, care was taken to record the chamber
and the directional valve supply pressures pcq, pcg, and ps, along with the piston stroke x.
Then, the experimentally recorded ps; was applied as a time-varying boundary condition
to the numerical model, enabling a fair comparison between the measured and simulated
time histories of pcy, pep, and x; both limiting heat exchange conditions, the adiabatic
and isothermal ones, were considered in the simulations. The measured and simulated
pressures in chambers « and f are reported in Figure 4a, while Figure 4b compares the
numerical and experimental position responses; from these figures it can be ascertained
that the different modelling assumptions concerning heat transfer have a minimal impact,
as the simulated results issuing from both adequately match the experimental data.

0.3 T T T T
0.6 =
= 0.2 B
(a8 0.4 = — e cxperimental
2 — Doy Ecxp(}:rimcnlt)al) = Y N - isothermal
[anE | A - B (P ca (isotherma -
sH 0.2 an (adiabatic) S = = = adiabatic
. = p .3 (experimental) [ —
...... pC5 (ieothermal) 0.1
= = = p.g (adiabatic)
0.0
| | | 0.0 | | | |
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
t[s] t[s]
(a) (b)

Figure 4. (a) Pressures in chambers « and p. (b) Piston position.

Table 1 reports a quantification of the following modelling errors, calculated according
to the experimental observations on the one hand, and to the results provided by the
isothermal and adiabatic dynamic models on the other: the time-to-end-stop error tos,
the position error X5, and the pressure errors peg, rms and ﬁcﬁ’rms. The position and pressure
errors are computed in RMS terms, and expressed as a percentage, respectively, of the total
stroke and of the full range of pressure variation. Finally, the time-to-end-stop error is
computed as Fog = 100(tgs,gxp —tes)/ tes,exp, where tes and f,s 0xp indicate, respectively, the
simulated and experimental results.

Table 1. Time -to-end-stop, position, and pressure modelling errors.

Thermal Exchange fEes [%] Xrms [%] Pea,rms [%] ﬁc,B,rms [%]
Isothermal 3.23 0.40 1.22 4.18
Adiabatic 4.30 1.51 1.95 2.62

This validation step confirms that the multi-physics dynamic model of the valve—
actuator system described in Section 2.2 is appropriate for the further discussion; moreover,
the choice of the thermal condition in which the system is simulated appears to be of
minor importance.

2.4. Procedure for the Evaluation of Electrical Energy Consumption

This work proposes a procedure to evaluate the actuator’s energy consumption con-
sidering the air mass expended during its cyclic operation. The procedure considers that
such an operation is not uniquely defined, since the actuator can be reconfigured to achieve
application-dependent piston motion characteristics, which are as follows:

¢  The stroke, set as acting on the position of the mechanical end-stops.
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*  The forward and backward motion times, determined with the regulation of the two
throttle valves.

*  The dwell and stop times, dictated by the switching instants of the directional valve
logical command.

These regulations are leveraged in practice to obtain a suitable degree of production
flexibility, with the same machine often being reconfigured to adapt to new manufacturing
requirements. All these factors, plus the working forces developed during the work cycle,
affect the air mass and energy consumption.

As represented in Figure 5, the procedure can be applied either numerically, using the
multi-physics model of the pneumatic machinery, or experimentally, directly measuring
the air mass expended by the actuator. The simulation approach is the only option during
the initial design stage of the machine; a measurement campaign may serve as a definitive
confirmation or as a full alternative whenever the equipment is accessible. In either case,
the work cycle and the operating conditions must be defined or configured. In particular,
if the numerical route is selected, the parameters of the proposed numerical model should
first be determined from a careful analysis of the system and of its operating configuration;
steps 1a, 2a and 3a address this issue, and can be described as follows.

Consumed
air mass
evaluation

numerical experimental

f ) (*Setup of the work cycle |
. etup of the work cycle
step la AgalySISl,Of tbe requestslofﬁ through adjustment of the step 1b
0D eIl SR (P Rl p ’ actuation unit parameters
\ J —required stroke ranges \ J
l —velocity requirements l
. —force requirements —
Definition of the — e vaikes Definition of the
step 2a pneumatic c14rcu1t SommEien - measuren-lent step 2b
configuration . instrumentation and
l C L sections )
. — N 1
Air man C(l)IltS:.ul‘l‘lpthl’l —supply pressure regulation I N\
step 3a _ calculation —end-strokes configuration Air mass consumption
Wlﬂzg}’n:tr_l’lol; ll'l'é(;del —throttle valves configuration measurement step 3b
quat v (. J
C J
yes 0f the compressor
known at working
Application of the method step4
outlined in Section 2.4.1
J
T P, spec
step 5 Electric energy calculation Lol cnaiio

with Equation (31)

electric energy
consumption per
actuator cycle

Figure 5. Procedure flow chart.

¢ Analysis of the components of the pneumatic system.
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¢ Definition of the periodically repeated work cycle and of the regulations needed to
achieve it; the cycle in particular can be decomposed into sequences of elementary
strokes intertwined with dwell and stop times.

*  (Calculation, using a multi-physics dynamic model, of the air mass consumed by the
actuator during the work cycle.

If a fully experimental approach is selected, steps 1b, 2b, and 3b should be taken instead:

*  Setup of the work cycle, through suitable configuration of all the adjustable parameters
of the actuation unit.

*  Definition of the measurement instrumentation and measurement sections: there
are several techniques that allow direct or indirect mass flow rate measurements.
As will be shown in the following sections, the transient conditions should be properly
captured; therefore, care must be taken to select measurement instruments with an
appropriate frequency bandwidth. The mass flow measurement instrumentation
should be inserted at sections Ey; of Figure 1, which correspond to the supply line
leading to the 5/2 direction valve. This choice enables the quantification of the air
flow towards the actuator using a single measurement instrument.

*  Air mass consumption measurement during the configured work cycle.

The experimental approach is more direct, but it requires access to the plant and the
installation of suitable measurement equipment, potentially disrupting normal production
activities. The numerical approach, on the other hand, does not require any intervention
on the system. The equations proposed in Section 2.2 provide a useful starting point for
the implementation of a numerical model; nevertheless, as will be discussed in Section 4.2,
more detailed treatments are possible, and may be warranted under certain conditions.
It may be noted that the proposed assessment procedure is agnostic with respect to the
adopted computational tool, provided that the air mass consumption can be evaluated with
sufficient accuracy. Accordingly, commercial software packages that already implement
sophisticated models of pneumatic systems may also be used effectively.

After determining the air mass expended per cycle, with either method, the corre-
sponding electrical energy consumed by the compressed air supply unit can be evaluated.
The calculation is based on the ISO 1217:2009 standard [35], which defines the specific
power requirement Pspec of the supply unit, that dimensionally corresponds to a power
per unit of volumetric air flow or, equivalently, to an energy per unit of volume. This
quantity accounts for the effect of all the devices included in the compressed air supply
unit at rated supply conditions. In particular, the specific power is evaluated with respect
to the thermodynamic process by which the air is brought from its original state at the
compressor inlet to the condition at the compressor outlet. Such a process is defined by its
delivery pressure and intake volume flow rate.

The specific power requirement depends on the efficiency of the compressed air supply
unit as a whole, being affected not only by the design of the device, but also by its actual
operating conditions. If P, is given for a nominal process characterized by a volume flow
rate and delivery pressure that do not match the operating ones, the power input of the
compressed air supply unit can be obtained by means of proper measurements made on
the compressor; these are described and exemplified in the following section.

2.4.1. Experimental Evaluation of the Specific Power Requirement

The specific power requirement Pspec of the compressor is often declared by the
manufacturer only for a nominal condition, which might not match the field operating point.
The experimental evaluation of Psp. at the correct operating condition might therefore
be required to properly apply the proposed procedure. This evaluation is based on the
measurement of the electric power absorbed by the compressor during a tank filling, and of
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the relevant delivery pressure. Such measurement can be easily made on any compressor
installation, usually using the tank placed downstream of the compressor unit. It should
be noted that the measurements should be acquired with the compressor in a steady-state
condition, with a constant flow rate at the specific supply pressure.

Figure 6a shows the results of a measurement made on a Shamal K25/200 compressor
during the filling of a 0.7 m3 tank up to a 1.1 MPa delivery pressure; specifically, it depicts
the behaviour of the compressor’s electric power consumption and of the relevant delivery
pressure as a function of time.

4.0 : : : : 1.5 800 y
= 3.5 S 1.0 = & 600
\g. o° o® ‘ & Py
?1 ° ¢ l ® ° ‘i‘ E ...
L [ ] ~= — [ ]
AT 3.0 eet 05 = 400 "
13t & -
o5l g 200 1
0 200 400 600 80 0 0.5
t[s] pa [MPa]

@)

(b)

Figure 6. Results of the experimental activities on the compressor unit. (a) Measured compressor
power consumption and delivery pressure. (b) Specific power requirement as a function of the
compressor delivery pressure.

According to standard [36], the specific power requirement is expressed as

Preal
P, spec — qr% ’ (25)
where P, is the actual electric power consumption of the compressor, known from the
measurements. As regards the volumetric flow rate gy, it can be calculated from the
delivery pressure measurement. Using i as the index of a generic measurement point,
the mass m; within the tank at instant #; can be calculated as

mp =p; V (26)

where p; is the instantaneous compressed air mass density and V is the tank volume.
Assuming that the temperature of the compressed air in the tank is constant and equal to
the ambient temperature (1), the density p; can be easily calculated using the absolute
tank pressure p; from the ideal gas law as

bi= R 27)

By evaluating the mass at instant t;;1, the mass flow rate at instant ¢;, using the
condition 7, can be estimated using the forward finite difference:

migr—m;  V opig—pi (28)

1= tin—t  RTa tigg—t;

Finally, the volumetric flow rate g1 at the compressor inlet evaluated at each instant
t; is

qvii = Zf , (29)
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where p; is the air mass density at the compressor inlet conditions. Figure 6b shows
the relationship between the estimated specific power requirement and the compressor
delivery pressure.

Recalling that the specific power requirement can be equivalently interpreted as
a power per unit of intake volumetric flow or as an energy per unit of intake volume,
the energy per unit of mass can be simply be obtained as

em = % . (30)
P1

Therefore, the energy required by the compressed air supply unit to restore the air
mass 1, consumed in a cycle is
pSpEC

1

Equation (31) is applicable if the compressor and the associated tank are properly

EC:

Me . (31)

sized, such that the former operates in steady-state conditions while the latter undergoes
negligible pressure variations.

3. Results

In this section, the proposed energy consumption assessment procedure is applied
to several case studies that were obtained by configuring different working conditions for
the same pneumatic actuation unit. The pneumatic elements considered in the simulations
are those already used for the experimental activities. The core of the energy consumption
assessment procedure, namely, the evaluation of the air mass processed by each actuator
during its actual work cycle, is thus exemplified; extensions to a multi-actuator machine
or plant are straightforward. Without precluding the possibility of more detailed thermal
modelling, the analysed pneumatic system is provisionally supposed to operate under
isothermal heat transfer. As will be shown, this condition can be generally expected to
result in a slight overestimation of the energy requirements.

Concerning the applied forces, the simulations of the single pneumatic actuator con-
sider three different cases:

*  (Case A: Pick-and-place operation occurring in a horizontal plane, mainly subject to
inertial forces.

*  Case B: Pick-and-place operation occurring in a vertical plane; unlike case A, there is a
constant weight force acting along the piston’s direction of motion.

*  Case C: Execution of a mechanical operation where a constant resistant force acts in
the piston motion direction for a portion of the forward stroke.

These cases are representative of typical industrial uses of pneumatic actuators de-
ployed in automatic machines for pick and place and for the execution of assembly or
manufacturing operations. For all the cases, a 0.4kg payload has been considered; for
case C, the resistant force has been set to 100 N, with its action during the forward motion
starting at 30% of the piston stroke.

For each case, different work cycles, constituted by four phases—forward motion,
dwell, backward motion, and stop—were considered. The stop time is set for all cases and
all work cycles at 0.1s; the regulation of the backward motion throttle valve is constant
within each case study. However, each work cycle is characterized by a distinct setup in
terms of the following:

¢ Forward motion end-stop position, expressed as a percentage using the actually
configured stroke s, and s;,4x, the maximal achievable stroke: ses = 100(Syax —S) / Smax-
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*  Regulation of the forward motion throttle valve that results in different maximum
forward velocities v, and thus allows the achievement of the desired actuation time.
e Dwell time t4, i.e., the waiting time before the start of the return motion.

As already noted, these three parameters, and the corresponding regulations, define
the work cycle of a typical pneumatic linear actuator, and have relevant effects on the air
mass and energy consumption. In particular, physical intuition suggests that the following
causal mechanisms are at play:

(i) Longer dwell phases provide additional time for the emptying of the actuator chamber.

(if) Higher velocities are obtained, increasing the conductance of the throttle valve, leading
to faster air expulsion from the emptying chamber.

(iii) Larger end-stop positions imply a larger final volume of the emptying actuator cham-
ber, which in turn leads to slower air mass discharge into the environment.

All of the above will be confirmed by the numerical experiments presented in the
following subsections, which are obtained from the multi-domain model of Section 2.2.

Effect (i) is self evident; in addition to numerical evidence, effects (ii) and (iii) can
be highlighted analytically using a simplified model of the pressure dynamics that occur
in the emptying actuator chamber once the piston has reached the end-stop. In particu-
lar, considering isothermal heat transfer conditions and an always-sonic discharge flow,
Equations (2) and (10) lead to

RC ToT,
Pes = — eqpP0+/101cp Pes, (32)
Vcﬁ,min

where C,yp is the equivalent discharge conductance due to the throttle and directional
valves, and Vg ;in is the volume of the chamber at the end-stop. This linear first-order
differential equation is characterized by the following time constant:

Vcﬁ,min

T = ———— oo,
PP RCeq/SPO Vv TOTC/S

which directionally confirms that faster air discharge is correlated directly with C,.p (effect

(33)

(ii)) and inversely with Vg i, (effect (iii)).

Beyond these insights, the time constant 7,5 will be used in the following subsections
to express in non-dimensional form the duration of the dwell phase as the time ratio
tr = tq/Typ. Given this definition, the ¢, parameter synthetically accounts for the combined
effects (i), (ii), and (iii).

For each case, three sets of nine work cycles were considered; for each set, one of
the three piston motion characteristics listed above was kept constant, while different
combinations of the remaining two were considered. For example, in the first set of
simulations, the regulation of the forward motion throttling valve is fixed, while several
combinations of end-stop position and dwell time are analysed. To show the influence of the
three varying parameters on the overall energy consumption, each simulation focuses on
the evaluation of the air mass discharged during the work cycle. The single period reported
for each work cycle is the one at which truly periodic operating conditions are established.

For each test case, the results are summarized in pairs of tables (e.g., Tables 2 and 3),
where the energy consumption E. corresponding to the discharged air mass is reported,
along with the ratio t,. Every simulation is indicated by a capital letter with three subscript
indices. The letter refers to the application case, while the indices identify the specific
work-cycle configuration: the first (i) refers to the end-stop position, the second (j) refers to
the piston velocity, and the third (k) refers to the dwell time. For example, with reference
to Table 2, A131 corresponds to the simulation of case A with a work-cycle configuration
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characterized by end-stop position 0% (i = 1), v, of 1 m/s (j = 3), and dwell time of 0.10 s
(k=1).

Table 2. Value of E. in [J] for cases A3y ; piston velocity equal to 1 m/s.

k 1 2 3
i ta 0.1s 0.3s 0.5s
Ses
1 0% 510.45 510.45 510.45
2 10% 494.24 502.35 502.35
3 20% 469.94 498.29 498.29

Table 3. Value of ¢, for cases A;s; piston velocity equal to 1 m/s.

k 1 2 3
i ta 0.1s 03s 0.5s
Ses
1 0% 2.05 6.15 10.25
2 10% 1.33 3.98 6.63
3 20% 0.98 2.94 4.90
3.1. Case A

In case A, the piston moves horizontally, subject only to inertial forces. The simulation
results are reported in Tables 2—7 and in Figures 7-9.

Tables 2 and 3 report the results of the simulations performed at a fixed throttle
valve regulation that leads to a maximum forward piston velocity of 1ms~!. Effect (i)
is not visible along the first row of Table 2 due to the fact that, as shown in Figure 7b,
in simulations A131, A3, and Aj33 the pressure p g in chamber f reaches ambient pressure
at the end of the dwell phase. This means that the chamber has been completely discharged,
and that consequently the air mass consumption is the same. The dwell time effect is
however apparent along row two of the table: all the simulations correspond to a 10%
end-stop position, but Aps; has an energy consumption lower than A3, and Ajzs. In fact,
the pressure graph of Ays; shows that in this condition the dwell time is not enough to lead
to the ambient pressure in chamber ; hence, in this case the air mass consumption is lower
than in Ap3; and Aps3, where p g reaches the ambient value. Also, for Azz1, Assp, and Aszsz
similar considerations apply. Effect (iii) is clear along all the columns of Table 2.

Figure 7a represents the time history of the piston position for all simulations sum-
marized in Tables 2 and 3. The forward motion speed is the same, while the piston end
positions change according to the different end-stop configurations. The backward mo-
tion starts at different instants due to the combination of different end-stop positions and
dwell times.

A comparison between Figure 7a,b shows that during the initial portion of the forward
stroke, the motion and pressures dynamics all have the same behaviour, since the throttle
valve setup is identical for all the simulations. The plots start to deviate from each other only
after the piston reaches the end-stop and the dwell phase starts; at that instant, the pressure
pcp starts decreasing due to the ongoing discharge of the residual air mass. Once the
directional valve switches to start the backward motion, the pressure quickly rebounds
to the supply pressure value. During the backward stroke the pressure then decreases
slightly due to the chamber expansion; it stabilizes once again after the end-stop is reached,
and remains constant at the supply pressure value until the end of the cycle.

https:/ /doi.org/10.3390 /machines14050524


https://doi.org/10.3390/machines14050524

Machines 2026, 14, 524

19 of 36

x [m]

0.3

0.2

0.1

0.0

| | i
0 02 04 06 08 1 0 0.2 0.4 0.6 0.8 1

t[s] t[s]

(@) (b)
Figure 7. Case A: position and pressure behaviour for piston velocity = 1 m/s. (a) Position.
(b) Pressure.

Tables 4 and 5 report the results obtained when keeping the end-stop position constant
and equal to 20%. As seen in the piston motions in Figure 8a, forward speed and dwell

times vary.

Table 4. Value of E. in []J] for cases A3]~k; end-stop position equal to 20%.

K 1 2 3
i ) ta 0.1s 03s 055
14
1 025m/s 397.01 144563 473.99
2 0.50 m/s 429.42 486.14 498.29
3 1.00 m/s 469.94 49829 498.29

Table 5. Value of ¢, for cases Ajy; end-stop position equal to 20%.

k 1 2 3
j ta 0.1s 03s 0.5s
Yp
1 0.25m/s 0.25 0.74 1.23
2 0.50 m/s 0.49 1.47 2.45
3 1.00m/s 0.98 2.94 4.90

The simulations displaying the same velocity (e.g., As11, As12, Asi3) show an energy
consumption increase for longer dwell phases (effect (i)). This is confirmed by the pressure
dynamics depicted in Figure 8b, which show that the residual pressure decreases from
As311 to Azps. The same happens along the other rows of Table 4, where, by increasing the
dwell time, the pressures ultimately reach the ambient value. With constant dwell time,
on the other hand, energy consumption is positively correlated with v, i.e., with the higher
conductance settings of the throttle valve (effect (ii)). As shown in Figure 8b, this leads to
faster air mass discharge and progressively decreasing residual pressures in, e.g., cases
Az11, Azp1, and Agzay.

A comparison between Figure 8a,b shows that during the backward stroke, the motion
and pressure p.s dynamics are similar to those of the previous set of simulations. By
contrast, during the forward motion, the graphs display different behaviours due to the
varying throttle valve regulation.
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Figure 8. Case A: position and pressure behaviour for end-stop position = 20%. (a) Position.
(b) Pressure.

Tables 6 and 7 report the results obtained when keeping the dwell time constant, equal
to 0.1s. Figure 9a shows that the differences concern the forward motion velocity and the
piston final position. For these configurations, similarly to the previous set of simulations,
energy consumption is correlated directly with the velocity, (effect (ii)) and inversely with
end-stop positions (effect (iii)). Again, this result is confirmed by the graphs of the pressure
pcp in Figure %b.

Table 6. Value of E. in [J] for cases Aj;;; dwell time equal to 0.1 s.
j 1 2 3
i or 0.25 m/s 0.5 m/s 1m/s
Ses
1 0% 478.04 494.24 510.45
2 10% 437.53 465.88 494.24
3 20% 397.01 429.42 469.94
Table 7. Value of t, for cases Aijl ; dwell time equal to 0.1 s.
j 1 2 3
i or 0.25 m/s 0.5 m/s 1m/s
Ses
1 0% 0.51 1.02 2.05
2 10% 0.33 0.66 1.33
3 20% 0.25 0.49 0.98
0.3 T
0.2 | "'::I . II‘ ‘l
E) 2y "
& 0/ '
0.1} I :
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Figure 9. Case A: position and pressure behaviour for waiting time = 0.10 s . (a) Position. (b) Pressure.
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3.2. Case B

In this application case, the actuator piston moves vertically, and is subjected to inertial
and gravitational forces due to the piston and payload masses; in particular, gravity opposes
the forward motion and aids the backward one. The simulation results are reported in
Tables 8-13, and in Figures 10-12. The results are very similar to case A, for each set of
simulations; this means that the considered weight force does affect significantly the total
air mass consumption. The results of the set of simulations collected in Tables 8 and 9 are in
particular very close to those of Tables 2 and 3 respectively, exception made for simulation
B3s1 where the dynamic behaviour of the system leads, at the end of the cycle, to a slightly
higher energy consumption compared to case Aszs;. The values of the ratios ¢, in Table 9
match those of Table 3, because 7,5 depends only on the chamber volume and the discharge
motion. Figure 10a shows that the forward velocities are equal to each other, and to the
velocities of the first simulation set of case A. A difference with respect to case A concerns
the reduced maximum velocity of the return motion: in case B, in fact, a controlled payload
descent is obtained through a suitable regulation of the backward stroke throttle valve.

The energy consumption varies in response to the different work-cycle parameters,
similarly to case A. For example, in simulations By3;—By33 the energy consumption does
not change, since the residual p g reaches the ambient pressure. By contrast, in simulations
By31 and Bz the energy consumption does not reach the maximum possible value because
the dwell phase stops before the complete discharge of the chamber. Finally, effect (iii)
clearly appears along the columns of Table 8. In Figure 10a it can be seen that the backward
motions start at distinct instants due to the different combinations of end-stop positions
and dwell times. Also, observing Figure 10b it appears that during the forward motion,
the pressure graphs initially display the same behaviour, as the throttle valve regulation
is shared by all the simulated configurations. The differences occur when each piston
reaches the end-stop and the dwell phase starts; the pressure p.g first decreases, then
rebounds to the supply pressure value once the backward motion starts; in case B, no
further significative variation occurs during the return motion.

Table 8. Value of E. in [J] for cases Bjzy; piston velocity equal to 1 m/s.

k 1 2 3
i ta 0.1s 0.3s 0.5s
Ses
1 0% 510.45 510.45 510.45
2 10% 494.24 502.35 502.35
3 20% 473.99 498.29 498.29

Table 9. Value of ¢, for cases Bizy; piston velocity equal to 1 m/s.

k 1 2 3
i ta 0.1s 03s 0.5s
Ses
1 0% 2.05 6.15 10.25
2 10% 1.33 3.98 6.63
3 20% 0.98 2.94 4.90
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Figure 10. Case B: position and pressure behaviour for piston velocity = 1 m/s. (a) Position.
(b) Pressure.

Due to the low influence of the vertical configuration of the actuator, the data reported
in Tables 4 and 10 are also similar; those in Tables 5 and 11 are identical due to the
definition of ¢,. Effects (i) and (ii) can be seen, respectively, along the rows and columns of
Table 10. This can be confirmed by analysing the residual pressure values at the end of the
dwell phases in Figure 11b.

0.3 0.8 T
IEE \ B311
0.6 : 0 Q 1 —{ | === Bsi2
0.2 2 5 on N o Bs1s
E & ] R \ o B3a21
= = 04 F : : ".\: | | === Bsa2
) «. [F Seo P e B3as
0.1 B S : % . B331
0.2 - \ o —| | === Bs32
RS0 A A SR () oo B333
| | | | |
0'00 O'00 0.5 1 1.5 2 2.5
t [s]
(a) (b)

Figure 11. Case B: position and pressure behaviour for end-stop position = 20%. (a) Position.
(b) Pressure.

Examination of Figure 11a,b shows that during the forward motion, the different
throttle valve regulations lead to distinct motion and pressure dynamics; after the pressure
increase due to the switching of the directional valve, the return motion is then uneventful.

Table 10. Value of E in [J] for cases B3 ; end-stop position equal to 20%.

k 1 2 3
j ta 0.1s 03s 0.5s
Yp
1 0.25m/s 405.12 449.68 478.04
2 0.50 m/s 433.48 486.14 498.29
3 1.00m/s 473.99 498.29 498.29
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Table 11. Value of ¢, for cases By ; end-stop position equal to 20%.
k 1 2 3
j ta 0.1s 03s 055
Yp
1 0.25m/s 0.25 0.74 1.23
2 0.50m/s 0.49 1.47 2.45
3 1.00 m/s 0.98 294 4.90

Tables 12 and 13, reporting the results of the simulations for a constant dwell time
equal to 0.1s, are, respectively, very similar and identical to Tables 6 and 7, supporting
already familiar considerations concerning effects (ii) (along the columns) and (iii) (along
the rows). Together, Figure 12a,b show that the different pressure dynamics during the
forward motion correspond to different velocities and throttle valve regulations; on the
other hand, the pressure during the return motion is practically constant and equal to the
supply pressure.

Table 12. Value of E. in [J] for cases Bjj;; dwell time equal to 0.1 s.

j 1 2 3
i op 0.25 m/s 0.5 m/s 1m/s
Ses
1 0% 478.04 498.29 510.45
2 10% 441.58 465.88 494.24
3 20% 405.12 433.48 473.99

Table 13. Value of t, for cases Bj;;; dwell time equal to 0.1 s.

j 1 2 3
Up

0.25 m/s 0.5 m/s 1m/s

[N

0% 0.51 1.02 2.05
10% 0.33 0.66 1.33
3 20% 0.25 0.49 0.98

N

(@) (b)

Figure 12. Case B: position and pressure behaviour for waiting time = 0.10 s. (a) Position. (b) Pressure.

3.3. Case C

In case C the piston moves horizontally, and is subject to a constant force that opposes
a portion of the forward motion. While cases A and B are similar to each other in terms of
energy consumption, Tables 14-19 and Figures 13-15 show that case C is noticeably different.
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These differences are mainly due to the lower velocities (and higher throttling) that
characterize case C, as reported in Tables 16 and 18. Tables 14 and 15 report the results at
vy equal to 0.2ms ™. Case C deviates from cases A and B in terms of ¢, values due to the
lower discharge conductance, which implies a higher time constant 7.

The dependence of the energy consumption on the work-cycle parameters follows the
same trends stated for the previous cases: as the end-stop position increases at constant
dwell time, the energy consumption decreases, whereas it increases for longer dwell phases
at a constant end-stop position.

As before, the value of the residual pressure at the end of the dwell phase reveals
whether chamber B is completed discharged. For example, it is clear in Figure 13b that
the only configuration in which the chamber completely empties is Cy33, for which the
residual pressure reaches the ambient value. The energy consumption is therefore equal to
that of configuration Aj33. As observed in Figure 13a,b, the main differences with respect
to cases A and B concern the temporary change in velocity and the pressure drop during
the forward motion. Both are due to the sudden action of the resistant force, whose action
starts at a fixed fraction of the configured piston stroke. The pressure transient is evident in
Figure 13b, where p g decreases approximately from 0.65 MPa to 0.45 MPa. Then, similarly
to cases A and B, the pressure switches to the supply pressure value as the backward
motion starts; in case C, no pressure drop is subsequently observed.

Table 14. Value of E. in [J] for cases C;zy; piston velocity equal to 0.2 m/s.

K 1 2 3
i ta 01s 03s 0.5
Ses
1 0% 486.14 506.40 510.45
2 10% 457.78 486.14 498.29
3 20% 433.48 461.83 478.04

Table 15. Value of ¢, for cases Cjzi; piston velocity equal to 0.2 m/s.

k 1 2 3
i ta 0.1s 035 055
Ses
1 0% 0.41 1.23 2.05
2 10% 0.27 0.80 1.33
3 20% 0.20 0.59 0.98
T T T
) C131
\ ~ | === Ci32
. = N I I ) [PPPPR Ci33
C231
— | === C232
......... C233
| C331
|| === Cs32
......... Cas3
| | | |
2 0'00 1 2 3

t[s

(a) (b)

Figure 13. Case C: position and pressure behaviour for piston velocity = 0.2 m/s. (a) Position.

~+
w

(b) Pressure.
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Tables 16 and 17 report the results for a constant end-stop position equal to 20%; they
support the same considerations already discussed in the corresponding sets of simulations
of cases A and B. The main difference with respect to the results reported in Tables 14 and 15
is that the value of the residual pressure never reaches the ambient pressure, meaning that
the air mass in chamber  does not completely discharge.

Similarly to the immediately preceding set of simulations, Figure 14a,b display tran-
sient ranges associated with the onset of the resistant force, with the timing being affected
by the different velocities. During the forward motion, the pressure dynamics are unique

to each simulation due to the different throttling regulations; during the backward stroke,
on the other hand, they follow a shared pattern.

Table 16. Value of E. in []J] for cases C3]-k; end-stop position equal to 20%.

k 1 2 3
j ta 0.1s 03s 0.5s
%
1 0.05m/s 413.22 425.37 433.48
2 0.10m/s 421.32 437.53 453.73
3 0.20m/s 433.48 461.83 478.04
Table 17. Value of ¢, for cases Csj; end-stop position equal to 20%.
k 1 2 3
j ta 0.1s 03s 0.5s
Yp
1 0.05m/s 0.05 0.15 0.25
2 0.10m/s 0.10 0.29 0.49
3 0.20m/s 0.20 0.59 0.98
03 T T T 08 T T T
B Ca11
. ) 0.6 e B
0.2 5 i i = [ [ [P C313
= M \‘::" % & ‘: Caz21
- “-. ‘\7 ‘\""-, .i. 04 "., | === C329
= .‘-.: ' |I'-,_. S 1 N A C3a3
0.1} ) & Vi < C331
‘-z ‘|-"‘; Ill"v_ 02 “ - == C332
“i |"-_:' “"-:‘ ......... C333
00 ""'- Il ‘.:". Il ‘1'-"‘ OO Il Il |
0 4 6 0 2 4 6
¢ [s] ¢ [s]
(@) (b)

Figure 14. Case C: position and pressure behaviour for end-stop position = 20%. (a) Position
(b) Pressure.

Tables 18 and 19 report the results of the last set of simulations, performed at a constant

dwell time equal to 0.1 s. In this set, no configuration achieves the complete discharge of

chamber B. This is highlighted by the plots of p.g in Figure 15b, which all remain always
above the ambient pressure.

The remarks already made for the analogous sets of simulations of cases A and B

(Tables 6, 7, 12 and 13) are also applicable here: effect (ii) is apparent along the rows of
Table 18, while (iii) is evident along the columns.

Similarly to the other simulation sets in case C, the resistive force induces motion and

pressure transients (as seen in Figure 15a,b), starting at the same fraction of the forward
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stroke. The pressure dynamics are not uniform across the different simulations during the
forward motion due to the effect of the different throttling regulation, corresponding to
different velocities; on the contrary, the behaviour during the backward stroke is similar.

Table 18. Value of E. in [J] for cases Cij1; dwell time equal to 0.1 s.

j 1 2 3
i or 0.05 m/s 0.1m/s 0.2 m/s
Ses
1 0% 473.99 478.04 486.14
2 10% 441.58 449.68 457.78
3 20% 413.22 421.32 433.48
Table 19. Value of ¢, for cases Cijl ; dwell time equal to 0.1 s.
j 1 2 3
i op 0.05 m/s 0.1 m/s 0.2 m/s
Ses
1 0% 0.10 0.20 0.41
2 10% 0.07 0.13 0.27
3 20% 0.05 0.10 0.20
03 T T T T 08 T T T T
3 T M C111
i \ ‘I 0.6 af : 1 Cia1
02l fa\ /v | = 1 INE :
. |l : u‘ \ & r ) === Ca13
E) SRV
8 | o === Ca31
0.1 — 1 — QQJ‘ ......... C311
‘I o2+ | s Csa1
L S N I [Presoes C331
| \ | | | |
O'OO 6 O'OO 2 4 6 8
t [s]
(a) (b)

Figure 15. Case C: position and pressure behaviour for waiting time = 0.10 s. (a) Position. (b) Pressure

4. Discussion

Concerning effects (i), (ii), and (iii) described in Section 3, they are ultimately linked to
the transient dynamics of the system: if enough time—for given conductance and residual
volume values—is provided for the achievement of steady-state conditions, the air and
energy consumption is maximized. On the contrary, if the emptying chamber is not allowed
to reach an equilibrium with the environment, the residual air mass does not need to be
restored by the compressor unit and can be used for the return stroke.

The graphical representation in Figure 16 summarizes all the simulations performed
to analyse case A. The figure depicts in particular the behaviour of the energy consumption
as a function of the non-dimensional ratio ¢,. Also the energy consumption is expressed in
a non-dimensional form, using a suitably defined energy ratio E,, in which the numerator
is the energy consumption E; and the denominator corresponds to the energy consumed
when the chambers are in turn completely discharged during a work cycle. This latter

value corresponds to the air mass consumption calculated according to more traditional

approaches that consider just the geometry of the actuator chambers, neglecting the work-
cycle parameters.
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Figure 16. Synthetic representation of the simulation results concerning case A.

The data represented in Figure 16 are grouped according to the end-stop position.
Analysis of the relevant graphs leads to interesting considerations: first of all, the plot
highlights that the energy consumption depends on the dynamic behaviour of the system;
secondly, there is a value of ¢, beyond which the energy ratio becomes unitary for any end-
stop position value. This means that if , is greater than a particular value ¢, (approximately
equal to 2, for this set of configurations), the air mass consumption can be calculated with
the commonly used steady-state method that considers just the geometry of the actuator.
On the contrary, if t, < t,, the actual air mass consumption is lower than that calculated
with the usual method, which would lead to an overestimation of the energy consumption.
The maximum overestimation would be approximately equal to 25% of the value obtained
with the proposed method.

Figure 17 depicts a synthetic representation of the data obtained from all simulations
concerning case B. The graph of Figure 17 is very similar to the graph of Figure 16. Hence,
in this case it is also possible to highlight that after a specific value f, of the non-dimensional
time ratio t,, the energy ratio is 1 for any end-stop position configuration, confirming that if
tr > t,, the energy consumption can be evaluated according to the traditional methodology;
on the contrary, if t, < f,, the usual approach leads to an overestimation of the energy
consumption that, also in this case, has a maximum value of approximately 25% of the
value obtained with the proposed method.

[ [ [ [
1.0 - o @ © @o o o o o o .
09
Q
%
KR 09 |
o
O ses = 0%
O ses = 10%
0.8 | | | | I e T2
0 2 4 6 8 10 12
t,

Figure 17. Synthetic representation of the simulation results concerning case B.

Finally, Figure 18 summarizes the data gathered when analysing case C, grouped
according to the end-stop positions. As for case A and case B, the energy consumption
is represented in non-dimensional form as a function of the non-dimensional variable
t;. Mainly due to the difference in the values of t,, this plot differs slightly from those
of case A and case B. However, a similar consideration can be drawn: as the value of f,
increases, the energy ratio ultimately reaches the unit value. In particular, it also appears
from Figure 18 that the value of t, beyond which the energy ratio is equal to 1 is again
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approximately equal to 2. In this case, the maximum overestimation is slightly lower
than 25%.
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Figure 18. Synthetic representation of the simulation results concerning case C.

The specific t, = 2 threshold remains an empirical observation; however, the overall
trend of E, increasing with ¢, is a robust and repeatable finding grounded in both theoretical
and numerical evidence.

4.1. Model Sensitivity to Heat Transfer Conditions

As already highlighted in Section 2.2.3, two limiting heat transfer conditions, namely,
the isothermal and the adiabatic ones, may be considered to bound the numerical evaluation
of the overall electrical energy consumed during a work cycle. While any other heat transfer
condition can be modelled within the overall methodology proposed by the authors,
the experimental data presented in Section 2.3 suggest that the simulation results are
quite insensitive to the assumed heat transfer regime. To supplement this evidence, a few
selected cases have been re-analysed considering both isothermal and adiabatic conditions.
The results of these simulations are visualized in Figure 19.

600.0

469.94 111 rg

‘ B sothermal  [EEEadiabatic

478.04 465.88 457.78 445.63

= 400.0

Q

K
200.0

0.0
Agsy Bii1 Casz1

configuration

Figure 19. Comparison between the compressor energy consumption assuming either isothermal
or adiabatic thermal exchange. The comparison is made for three of the configurations described
in Section 3.

The bar graph shows that for any configuration (Asz1, B111, C231), the energy con-
sumption of the compressor unit is, as expected, highest in the case of isothermal condition
and lowest in the adiabatic simulations; however, the gap between the two is narrow.
In general, it can be concluded that, from an engineering point of view, it is appropriate to
consider the isothermal heat exchange; this, on the one hand, constitutes a precautionary
assumption, but at the same time does not deviate significantly from any realistically
occurring heat transfer condition.
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inlet
section

4.2. Augmented Modelling Approach for Non-Ideal Supply Systems

As discussed in Section 2.3, the results of the experimental activities allowed the
validation of the model of the actuation unit from the directional control valve to the load,
i.e., of a model that accounts for the directional control valve, the throttle valves, and the
actuator (DTVA model in short). Even though the lumped-parameter model was shown
to be quite accurate, its behaviour is affected by the boundary condition that defines the
pressure at the inlet of the directional valve. In a carefully sized system, such a pressure may
be well approximated with a constant value; the simulations presented in Section 3 were
performed under this modelling assumption. In cases where this hypothesis is not verified,
the boundaries of the computational model must be extended to include the additional
pneumatic components needed to properly model the pressure dynamics at the directional
valve inlet.

Hence, the DTVA model has been extended, as represented in Figure 20, to include
three additional components: a pressure regulator, a vessel, and the in-machine distribution
pipes. This additional equipment can be modelled and simulated relying on models
and algorithms available in the current literature: see [43-46] for the modelling of the
pressure regulator, and [47-50] for the pneumatic transmission lines. In the extended
model, each pipe is not modelled using a single control volume, but rather discretized
using the MacCormack finite difference method.

cylinder piston and
payload

chamber chamber

vessel I l
‘(' throttle throttle ’)‘
valve a valve 3

AT

T L

pipe 1l
discretization

pipe 4
discretization

pressure
regulator

ﬁlllllllllll
directional

/ valve
vy T Z ;

pipe 3
discretization

—|/IIIIII

pipe 2
discretization

Figure 20. Components considered in the extended model.

The overall extended model was adapted to the test rig configuration described in
Section 2.3, which, in addition to the already described components, features the following:

e A9.6Lvessel

* An 8m-long pipe with a 25 mm diameter that connects the pressure regulator and
the vessel;

¢ A 240m-long pipe with an 8mm diameter that connects the vessel to the direc-
tional valve;

¢ A0.6m-long pipe with a 6 mm diameter that connects the directional valve to chamber
« of the actuator;

¢ A0.6m-long pipe with a 6 mm diameter that connects the directional valve to chamber
B of the actuator.

The grid spacing used to discretize the piping is equal to 10 mm, while the time step
of 2 x 107° s was selected in order to satisfy the Courant-Friedrichs-Lewy condition and
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thus ensure stability. Figures 21-24 show the results obtained simulating the behaviour of
the system when the extended model is used.

0.6 -

Pca (experimental)

Pea (extended)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 21. Pressure in chamber a: comparison between experimental and extended simulation results.
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0.2 N
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0.0 ! | 0.0 \ DTVA
0 0.5 1 0 0.5 1
ths] tls
(a) (b)

Figure 22. Position and pressure behaviour for end-stop position = 0%: comparison between DTVA
and extended model simulations. (a) Position. (b) Pressure.
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[ extended DTVA |
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t[s] t[s]

@) (b)
Figure 23. Position and pressure behaviour for end-stop position = 10%: comparison between DTVA
and extended model simulations. (a) Position. (b) Pressure.

In particular, Figure 21 depicts the comparison between the experimental behaviour of
the pressure in actuator chamber «, already discussed in Section 2.3, and the corresponding
extended model simulation result. The figure shows that the model approximates the
experimental results well, being able to reproduce pressure dynamics that exhibit an initial
increase until around 0.4 MPa, a following decrease at about 0.2 MPa, and a final slow
increase until the nominal supply pressure value. The air mass and energy consumption
is affected by the dynamics of the entire machine, inclusive of the pressure regulator and
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air distribution system. Other simulations were therefore performed using the model
extension in conditions where these additional dynamics cannot be neglected.

0.3 0.8
[ extended —— DTVA
0.6
0.2 E
£ 2 04
0.1 s,
0.2
extended
0 0 0 0 | DTVA |
-0 0.5 1 0 0.5 1
t[s] t[s]

(a) (b)
Figure 24. Position and pressure behaviour for end-stop position = 20%: comparison between DTVA
and extended model simulations. (a) Position. (b) Pressure.

In particular, cases Aj31, Aps1, and Azsy, whose characteristics are highlighted in
Tables 2 and 3, are again simulated; the results are then compared to those obtained using
the DTVA model. Figures 22-24 report the comparison between the results of the extended
and DTVA model simulations for two cycles of motion. In particular, the behaviour of
the actuator position and of pressure p g are depicted; for all the three simulations, it is
clearly shown that the behaviour of the actuator changes both in terms of position and in
terms of pressure. As regards Figures 22a—24a, the graphs of the position show that DTVA
model exhibits a behaviour very similar to extended one, but with a significant delay. Such
a delay can be imputed to the pressures in the actuator chambers; in fact, with reference to
Figures 22b-24b, the pressures p.g concerning the extended model are rather different from
the corresponding pressures obtained from the DTVA model. Moreover, the pressure dif-
ferences between the DTVA and extended models lead to a different, and lower, evaluation
of the air mass consumption. Therefore, it can be concluded that even when the supply
pressure ps displays significant dynamics, the extended model still allows an accurate eval-
uation of the energy consumption. Considering the work cycles arising from the considered
set of actuation unit regulations together with the pressure dynamics as evaluated with the
extended model, it can be seen that the energy consumption overestimation obtained from
the traditional steady-state evaluation is as follows:

*  36.96 % for case Aq3;
e 37.77 % for case Ayzq;
. 41.38 % for case As3zq.

The results presented in Figures 16-18 are representative of a situation where the only
relevant dynamics are introduced by the actuation unit; the time ratio ¢, was therefore
defined using a time constant 7,5 that reflects the actuator chamber characteristics. For the
more complex cases analysed in this section, a different reference time constant should be
defined, considering all the components that determine the overall dynamic behaviours.

5. Conclusions

This paper presents a new procedure for the assessment of the electrical energy needed
to perform specific functions in industrial machines by means of pneumatic actuators.
Differently from other approaches available in the literature, the proposed procedure
is based on the dynamic behaviour of the system, both from the mechanical and the
pneumatic points of view. The procedure can be broadly applied to any pneumatically
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actuated automatic machine, regardless of the related work-cycle complexity; moreover,
the procedure allows the user to choose the approach considered most suitable for the
evaluation of the air mass consumption, whether numerical or experimental.

The results obtained from the analysis of different application cases show an overesti-
mation of the air mass and of the electrical energy consumption if the traditional method
that considers the steady-state behaviour of the system is adopted. Hence, the proposed
procedure allows a more accurate assessment of the consumption related to each specific
application for which the actuators are used, considering the transient dynamics of the
system and the cyclic behaviour typical of the automatic machines. Furthermore, the proce-
dure enables a precise evaluation of the electrical energy needed to restore the consumed
air mass in the operating conditions by tailoring the ISO 1217 standard for the evaluation
of the compressor performance to its actual working conditions. Future work will address
the application of the procedure to more complex systems where many actuators are si-
multaneously used, as occurs in an automatic machine for assembly or pick-and-place
operations. As a further activity, the authors are planning to use the proposed procedure
to make an energy comparison between machines performing similar operations with
different driving technologies.
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Nomenclature

A State-dependent system matrix of the assembled multi-domain model
Ag: Gas-domain submatrix for generic side z (« or )

Az Mechanical coupling submatrix for generic side z (« or p)

Axv Kinematic submatrix

A, Effective cross-sectional area of generic chamber z (« or )

b ISO 6358 critical back-pressure ratio

beoz Critical back-pressure ratio of check valve z

Doz Critical back-pressure ratio of directional valve z

bivz Critical back-pressure ratio of throttle orifice z

B Additive state-dependent term in the assembled multi-domain model
Bein Mechanical additive term in the multi-domain model

Bg: Gas/thermal additive term for generic side z (¢ or ) in the multi-domain model
C ISO 6358 sonic conductance

Ceovz Sonic conductance of check valve z

Civz Sonic conductance of directional valve z

Ceqz Equivalent sonic conductance between chamber z and the environment
Cioz Sonic conductance of throttle orifice z

Co Specific isochoric heat capacity

E. Electrical energy consumption per work cycle

em Electrical energy per unit of compressed air mass

E; Energy ratio
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Qez
Qpz
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P1

Pi
Ses

S
Smax
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fes
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fes

ta

ti

tr

o

Dissipative force acting on the piston

External mechanical load acting on the piston

Heat capacity ratio

Mass flow function for directional valve z

ISO 6358 mass flow function

Specific enthalpy of the flow through the directional valve on side z of the actuation unit
Specific enthalpy of the flow through the throttle valve on side z of the actuation unit
Air mass consumed per work cycle

Air mass in generic chamber z

Air mass inside the compressor tank at time ¢;

Moving mass in the mechanical domain

Air mass in the pipe on generic side z

ISO 6358 subsonic index

Ambient pressure

Pressure in generic actuator chamber z

Plant distribution pressure

Distribution pressure of automatic machine n

Downstream pressure in the ISO 6358 valve way model

RMS pressure modelling error in generic actuator chamber z
Compressor tank pressure at time ¢;

Pressure in the pipe on generic actuation unit side z

Measured electric power absorbed by compressor unit

Directional valve inlet/supply pressure

Specific power requirement

Upstream pressure in the ISO 6358 valve way model

ISO 6358 non-dimensional flow function

Mass flow rate through the directional valve on generic side z
Estimated tank mass flow rate at sample i from pressure ramp data
Mass flow rate through the throttle valve on generic side z
Volumetric flow rate at compressor inlet conditions

Volumetric flow rate at compressor inlet conditions, evaluated at sample i
Heat transfer rate between the air in generic chamber z and the environment
Heat transfer rate between the air in pipe on generic side z and environment
Specific gas constant for air

ISO 6358 pressure ratio

ISO 6358 reference air density

Air density at compressor inlet conditions

Air density in the compressor tank at sample time ¢;

End-stop position

Configured actuator stroke

Maximum actuator stroke

Time

Time-to-end-stop error

Experimentally measured time to end-stop

Simulated time to end-stop

Dwell time

Sampling time instant associated with measurements

Time ratio

Reference time constant

ISO 6358 reference temperature

Ambient temperature

Temperature in generic chamber z

Temperature of directional valve flow on generic side z
Temperature in pipe on generic side z
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Ts Supply air temperature for the directional valve model
Toz Temperature of throttle valve flow on generic side z
Tup ISO 6358 upstream temperature

u Directional valve command signal

v Piston velocity

Up Maximum piston velocity occurring along the stroke
14 Volume of the compressor vessel

Vez Control volume of generic chamber z

Vezmin -~ Minimum volume of chamber z obtained when the piston is at the end-stop
Vpz Control volume of pipe on generic side z

x Piston position

Xrms RMS position modelling error

Y State vector
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