Energy Efficient Pneumatics:
Aspects of Control and Systems Theory

Daniel Miiller*, Jonathan Haag, Jennifer Wickert,
Adrian Raisch, Kathrin Hoffmann, Kevin Schmidt
and Oliver Sawodny

Institute for System Dynamics (ISYS), University of Stuttgart, Waldburgstr. 17/19,
70563 Stuttgart, Germany

E-mail: daniel. mueller @isys.uni-stuttgart.de

*Corresponding Author

Received 11 August 2021; Accepted 13 June 2022;
Publication 08 September 2022

Abstract

As the public call for increasing efforts in achieving the global climate
protection goals intensifies, discussions about the efficient use of resources
and energy are on the daily agenda. As many other areas, the industry has
seen itself facing growing concerns about the long neglected environmental
aspects. Since a large proportion of the energy in production is used by
pneumatic drives, this survey paper exclusively focuses on pneumatics in han-
dling and automation technology and presents the most common components,
followed by multiple model-based strategies to increase energy efficiency in
modern production plants.

First, single units are studied extensively and methods for design and
energy efficient control are presented. Since in production lines pneumatic
drives are generally operated in large networks, the second part focuses on
energy efficient strategies at plant level. These include an optimized adjust-
ment of the supply pressure, a cascaded air usage, and an automated adaptive
control pattern. Care is taken to ensure that the considered approaches are
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applicable in today’s industrial plants, which is demonstrated by experiments
in a production line. The experimental findings show the immense potential
of the discussed measures in the form of compressed air savings of more than
60% compared to the industry standard.

Keywords: Pneumatics, energy efficiency, control engineering, pressurized-
air networks.

1 Introduction

Global warming has become one of the most, if not the most, impor-
tant human challenges of the twenty-first century. Increasing environmental
awareness and as a result rising energy prices have led to a demand of
energy efficient technologies over the past years. As illustrated in Figure 1(a),
industry is responsible for about 736 TWh equaling about 30% of total energy
consumption in Germany. This demonstrates its significant role in achieving
the global climate protection goals.

Compressed air and pneumatic drives play an important role in automa-
tion technology. They offer a lot of advantages compared to electrical or
hydraulic actuators in a broad range of use cases due to their high power-
density and environmental friendliness. This is why approximately 7-10%
of the power demand in industry is related to pneumatic applications such
as suction and blast air or pick and place tasks [3]. When considering
the energy consumption of drive systems only, the share of pneumatics
increases to roughly one fifth, as presented in Figure 1(b). However, due to
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Figure 1 (a) Distribution of the total energy consumption by sectors in Germany [1], (b)
electrical energy consumption of drive systems in Germany [2].
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leakage-induced losses, inefficient control strategies and unfavorable dimen-
sioning of pneumatic components, most processes relying on compressed air
run inefficiently. This raises the question of how to enhance energy efficiency
and consequently climate friendliness of pneumatic drive systems.

This paper presents a survey of optimization-based methods from a con-
trol and systems theory perspective to further improve energy efficiency of
individual pneumatic drives as well as pressurized-air networks.

1.1 State of the Art

When examining the efficiency of pressurized air units, total cost of owner-
ship (TCO) and life cycle assessments (LCA) have become common methods
over the past few years. TCO enables the comparison of different drive
technologies by converting consumed pressurized air to an equivalent amount
of electrical energy [4] and taking other occurring costs into account, e.g.,
for maintenance and installation [5-7]. Using a similar approach, LCA
considers the environmental impact of a product and has become increasingly
important as efficiency requirements have risen [8]. Pneumatic drive systems
are investigated using these techniques in [9], whereas [10] focuses on meth-
ods for power evaluation and [11] covers fluid actuators in general. In [12]
not only production and operation but also decommissioning is examined
concerning its ecological implications. Detailed comparisons of pneumatic
and electromechanical drives are found in [13], [14] and [15].

Today, compressed air units are used in a variety of industrial applica-
tions, as the initial costs are typically much lower compared to electrical
drives. Still, there remain two main areas offering significant room for
improvement in terms of energy efficiency: accurate dimensioning and effi-
cient control. An overview of different measures with respect to these topics
is presented in [16] and [17].

In practice, pneumatic drives such as cylinders are usually chosen based
on engineering experience or simple formulas provided by the manufactur-
ers [18-20]. Furthermore, larger assemblies of pneumatic actuators generally
operate more reliable, whereas the acquisition costs are only slightly higher.
This is problematic though, as it leads to oversizing and as a consequence
pneumatic drives are attributed efficiencies below 10% in many cases [21-
23]. The use of exergy instead of energy stands to reason, as the former allows
a reasonable assessment of potential losses [24-26].

Optimal sizing of individual cylinders based on a given motion task is
discussed in [27] and [28]. While both articles show enormous energy saving
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potential, they rely on numerically inefficient optimization schemes, making
them impracticable for users. In contrast, the authors of [29, 30] promote
the use of the cylinder eigenfrequency as an easily determinably variable
allowing the selection of reasonable sized units. Another interesting approach
is proposed in [31] by means of operating point analysis, however the focus
of this article is less on optimal sizing but rather on parameter sensitivity
with respect to maximum efficiency. Furthermore, the Association of Ger-
man Engineers (VDI, for ger. Verein Deutscher Ingenieure) has published a
standardized procedure to evaluate and select pneumatic drives [32].

With the goal of lowering the air consumption by optimizing the motion
profile, methods of efficient control have been studied more extensively.
Based on input/output-linearization to compensate for the system nonlinear-
ities [33], different strategies to generate efficient trajectories are discussed
in [34], [35], and [36]. An additional assessment of the profitability using
TCO is presented in [37]. While all of the aforementioned control-related
publications use proportional valves, [38], [39], and [40] apply position-
based control with switch valves in pulse width modulation mode. In [41],
a partial position information at the ends of the cylinder stroke is considered.

Switch-valve-based control for pneumatic cylinders in general has been
investigated in multiple works [42—45]. Reference paper [46] utilizes optimal
open-loop control to reduce energy consumption and is expanded upon an
adaptation mechanism in [47].

When dealing with pneumatic networks, it is common to dispense with
simulations of individual drives and instead use an abstract model of com-
pressed air consumers [48]. By doing so, it is not only possible to create
models of entire production plants [49, 50], but also to design and evaluate
them accurately [51-53]. However, while these publications focus more on
the supply of compressed air, this work is concerned with the energy saving
potential of operating multiple pneumatic drives simultaneously [54]. This
topic is mostly ignored in literature, only a few authors consider the reuse of
exhaust air [55-57].

The results from [30] and [58] are of great significance for this work,
since they analyze dimensioning and optimal control of individual drives and
pneumatic networks, respectively.

1.2 Contribution and Structure of the Article

This paper presents an overview of modeling pneumatic production units
ranging from individual components to entire networks. Moreover, practical
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Figure 2 Schematic sketch of a pneumatic cylinder connected to a 5/3 valve.

energy saving measures are proposed in the form of optimization algorithms
focusing on dimensioning and efficient control. The suggested methods show
notable improvements and are worth consideration when designing factories
containing compressed air systems. Not only are they applicable to single
pneumatic drives but remain practicable when dealing with entire production
plants. Essential results are also to be found in [54, 59]. All simulation
results are obtained using MATLAB/Simulink, and experimental results are
presented as well.

The remainder of the article is organized as follows: Section 2 introduces
detailed models of pneumatic cylinders, valves, and pneumatic networks.
Following, strategies on minimizing the energy consumption of individual
drives (Section 3) and pressurized-air networks (Section 4) are described.
Finally, the results are summarized in Section 5.

2 Modeling Components and Pressurized-air Networks

This section focuses on the derivation of detailed models of individual pneu-
matic components. Section 2.1 presents mechanical and thermodynamical
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modeling approaches regarding pneumatic cylinders, while Sections 2.2 and
2.3 focus on the mass flow through valves and tubes. The resulting models
for the cylinder and valves are later used for optimization, therefore their
accuracy is crucial. Although the tubing model is not considered in the
following chapters, it is included to present a complete general model of
pneumatic systems.

2.1 Modeling of Pneumatic Cylinders

For a pneumatic cylinder of length [ as shown in Figure 2, a mechanical
model is derived using Newton’s law. Given the pressures pa (¢) and pp(t),
the resulting equation of motion is

M3(t) =Aapa(t) — Apps(t) — (Aa — AB)po — Fu(t) — Fa
—Fr(3(t)) — Fr(s(t), (1)), (1

where s(t) is the position of the piston and M describes the load mass. The
holding force Fy; describes the force that is applied to an external object,
its minimum amount is usually determined by the motion task. The piston
area and pressure of the two chambers are represented by A; and p; with
i € {A,B}, while p is the ambient pressure. Moreover, the gravitational
force F, the friction force Ff, and the terminal force F are modeled as

Fo = Mgsin(a), (2a)
) . 105
Fp($) = tanh <S> (fc + (fs — fo) exp [— ’S ) + fvs, (2b)
vG Vg
v|s|%s — 6]s|?, <0
Fr(s,$) =4 0, s €(0,1) (2¢)

vl =585 =6l —s|?, s>1,

with the mounting orientation «, friction parameters fc, fg, and fy, a shape
parameter dg, the transition velocity v as well as Stribeck velocity vg. The
presented friction model is based on [60], an advanced model can be found
in [61]. The Hunt-Crossley contact force model used in (2c¢) is derived in [62]
and contains design parameters (3, -y, and 6.

Furthermore, a thermodynamical model of the cylinder is derived using
the first law of thermodynamics for open systems [30]:

Ui = Qi+ Hi + W, 3)
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The change of the internal energy U;, the heat flow Q;, the enthalpy H;, and
the work for volume change W; are obtained using

i€ {AB}: Us = 2= (piVi + Vi), (4a)
L

Qi = arAi(0; — bp), (4b)

H; = 1m;1hi1 — miohio, (4c)

Wi = —piVi. (4d)

Here, V; is the chamber volume with the corresponding absolute temperature
t;, the mass flows 172; ; and enthalpies h; ; = cpt); ; of the in- (j = I) and
outflowing (j = O) air. Note that the inflowing air has ambient temperature
and the outflowing air the temperature of the respective chamber, i.e., 0;1 =
o and 0; o = 0;. Additionally, R, denotes the specific gas constant, oy the
heat transfer coefficient and ¢, and c,, the heat capacities for constant volume
and pressure.

To reduce the model complexity for optimization and controller design,
polytropic state transitions are assumed in the following. Since the polytropic
exponent n implicitly describes the heat transfer, the temperature dynamics
is neglected and instead only the temperature of the inflowing air 6y is con-
sidered. As shown in [63], this assumption is valid. Together with (4a)—(4d)
plugged into (3), the pressure dynamics results in

n .

Vi (Beforis =Vidmi) i€ {4,5) )

with 1h; = ;1 — ;0 and n € [1, k], where K = ¢p/c, describes the
isentropic exponent.

pi =

2.2 Modeling the Mass Flow Through Valves

In this section, a brief description of the functionality and modeling of com-
mon industrial valves is given. They are distinguished between proportional
valves and switching valves. While the latter ones solely realize a discrete
set of valve positions, e.g., fully opened or closed, the sonic conductance
of proportional valves is continuously adjustable [30, 64, 65]. As a result
switching valves are generally the cheaper option and therefore widely used
in industrial applications which is why only switching valves are considered
in the following.

In Figure 2, a 5/3 switching valve is depicted at the bottom. The nomen-
clature is defined as follows: The first number, in this case ’5’, denotes the
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number of in- and outports, whereas the second number, in this case ’3’,
denotes the number of possible switching positions. A useful feature of 5/3
valves is their ability to provide and simultaneously dissipate pressure flows.
As shown in Figure 2, in the leftmost position the supply pressure is directed
towards chamber A while chamber B is vented. The user can switch between
positions by shifting an internal spool. If the valve is connected to a cylinder,
as it is the case in Figure 2, its piston extends using the left position and
retracts using the right position.

Valves are modeled as throttles and a general description of the mass flow
through a valve is given by [66]

1 = pPprimC ( Pce ,b) , ©)
prim

with density p of the fluid, sonic conductance C' of the valve, flow function
1 and critical pressure ratio b. The index ‘prim’ denotes the inflowing
pressure, while ‘sec’ denotes the outflowing pressure. The sonic conductance
is computed as the inverse of the flow resistance and thus describes how
efficiently the fluid is being transported through the valve despite friction.
Hence, different links through the valve lead to different conductivities. As
long as the pressure ratio is below the critical ratio b the air flows with speed
of sound otherwise it slows down which is considered by the flow function

Psec b 2
sec _ Pprim Psec
’l/] < p ,b> - 1 ( pl_b ) Pprim Z b . (7)

Dori
prm 1 else

Under the assumption of a frictionless air flow and an adiabatic process the
critical pressure ratio b is computed to

b 2 i 0.528 8
_</£+1> T ®)

In order to obtain accurate control results, the experimental identification
of the critical pressure ratio stands to reason, as the relation (7) is an
approximation itself [64].

2.3 Modeling Pneumatic Tubes

Modeling the mass flow in (6) is based on the assumption of a spatially
constant mass flow 71, which does not change from entering to leaving the
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iy (t) = m(0,t) ma(t) = m(l,t)
z,t),v(z,t m(z,t),p(z,t
pult) = p(0.0) p(2,1),v(2,t) & (2, t),p(2,1) ) = p.®)

0 ls

Figure 3 The flow within a tube of length I, which connects a valve (index V) to a pressure
chamber (index A), can be modeled either by the spatially distributed states density p(z,t)
and flow speed v(z, t) or by the mass flow m(z, t) and the pressure p(z, t), see [64].

valve. Certainly, this argumentation is reasonable for short tubes that connect
components in a pneumatic network. However, the transport time as well as
dynamic behavior increase with longer tubes. In the following, an ordinary
differential equation (ODE) is derived from a spatially distributed model
describing the dynamics of air flow through tubes [64,67].

Starting with the conservation laws of mass and momentum for compress-
ible fluids, one obtains a set of nonlinear partial differential equations (PDEs)
for the flow speed v(z, t) and the density p(z, t) within the tube z € (0, ;)

, dp  O(pv)
mass: i 5, (9a)
d(pv) 0
momentum: o + e (p 2 +p) = —DF, (9b)

where pr is a friction term [68]. The above PDEs are the one-dimensional
formulation of the well-known Navier-Stokes equations.

For the application in the field of pneumatics, it is more convenient to
simplify and reformulate (9) in terms of mass flow 1 = Aypv and the pres-
sure p = c?p respectively. Note that the constant cross section of the tube and
the speed of sound are denoted by Ay and c. Given further mild assumptions,
such as an inelastic tube; no thermodynamical interaction between gas and
wall; the following set of linear PDEs approximates (9) for small deviations
w.r. t. the stationary solution [52,64]. Together with the boundary and initial
conditions (BC, IC) shown in Figure 3, the distributed parameter system is
well-posed:

Op(z,t)

= —Ruin(z,t) = =~ (10a)

1 9m(z,1)
Ay Ot
Ay Op(z,t) _ On(z,1)

S = 5. 2€(0.h),t>0  (10b)

PDEs :
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BCs: (0, 1) = rivy (£) (10c)
p(ly,t) = pa(t), for t >0 (10d)
ICs: m(z,0) =0, (10e)
p(2,0) = po(z), for z €0, (10f)

Boundary conditions are chosen such that they describe the mass inflow
coming from the valve and the target pressure at the chamber, while the
initial conditions describe a stationary point. The outputs of the tube are
y1(t) = 1l t) = ra(t) and ya(t) = p(0,t) = pv(?).

An approximation of the analytical solution is now derived, which
describes the first mode exactly [64], yielding the following linear state space

representation
d [ma] _ | —hRe 2| [ria 0 =4 [y
JR— — 0271'2 + 0271'2 . ( 1 1 )
dt | pv —ian O Lpv arn Y DA

Due to high velocities in the tube, the flow is turbulent and therefore a
nonlinear friction term is added to Equation (11). The upper left entry —I; R;
of the system matrix in Equation (11) is a damping term, which is replaced
by the throttling model from Equation (6). Rearranging (6) and inverting the
outflow function (7) yields

Ap:d}il(pA,mA,Cmbt,p) — PA- (12)

The nonlinear model describing turbulent flows is then [67]

d [ 0 Ay 0 —4tl [y A

4 [mA] =| o. & {mA} I [mv] n { & ] Ap.
dt | pv —iarn O Lpv iarn 0 pA

13)
This description is applicable to tubes with 10 cm < Iy < 6 m and chambers
of at least ten times the volume of the tube [64].

3 Minimizing the Energy Consumption of Individual
Drives

Since cylinders with larger dimensions are only slightly more expensive, but
improve robustness against leakage, most compressed air units tend to be
oversized. For example, doubling the piston diameter increases the purchase
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price by just 18% in some cases [69]. Note that the task specific parameters
like the load mass, transition time and boundary conditions are typically
specified by system designers in practice. As a consequence, these parameters
are assumed to be known and used in the following for dimensioning the
pneumatic units.

In a similar fashion, the standard control patterns for the cylinder cham-
bers are either fully aerating or venting. While this is a simple strategy which
again improves robustness against leakage, it is also energy inefficient.

Thus, the key goal is to find design parameters such that a given motion
task is performed while energy consumption is minimized. Two measures
providing the most energy saving potential for pressurized air applications
have been identified: Firstly reducing the required amount of used air by
choosing properly sized cylinders and secondly maximizing the proportion
of expansion work by optimizing control patterns.

3.1 Model-based Optimal Sizing of Pneumatic Cylinders

For each individual drive and a corresponding motion task a well suited
drive configuration, i.e., cylinder size, supply pressure, and valves, has to
be selected such that the overall process is as energy efficient as possible.
The proposed methods to do so, that are presented in this section, are largely
based on the results of [59] and [70]. Note that these references also offer
more detailed explanations and implementation details. In this article, the
measure for energy efficiency is given by the air consumption of compressed
air for isothermal processes with a polytropic exponent of n =1
1 (T
J=— [ mwl(r)+mf(r)dr,
/)10 0 (14)
= ((Vo,a +Vo.B)(Pn — Po) + (A + AB)lpn) ,

with the positive shares of the mass flow

(1) = {g%(t) Zszli(t) >0 (15)

cycle time 7" with s(7") = [, air density pgp, ambient pressure py and initial
volume Vp ;. Its unit is given by [J] = N/ (standard liters). Note that for
the optimal sizing problem the standard control pattern is assumed, i.e., the
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chambers of the cylinders are either aerated or vented. By considering na
actuators supplied together, the dimensioning problem is formulated as an
optimization problem

na
min J 16
i g k (16a)
st. @ = f(@r, G Pr),  xk(0) = 201 (Ck), (16b)
Crll] = pn, kE=1,...,na, (16c)
g(¢k) <0, (16d)
o — Frge ke (Cr)
hk(wkv Ck') = ,I‘ijk(ka) - j—;kp,k S 07 (166)

,Ujp,k;(mk?) - U;P7k

where (16b) describes the cylinder dynamics with state vector
x(t) = [s(t),5(t),pa(t),ps(t)]T € R™, design variables ¢ =
[pn, d, CX,CR,CE CR]T € R and task parameters ® = [m,a]" € R2
The design variables are the supply pressure py, cylinder diameter d
and valve conductances CZ-]P with index jp denoting a process of extension
(jp = E) or retraction (jp = R). Constraint (16c) demands a common supply
pressure for all cylinders while (16e) contains requirements for the holding
force Fy j, 1 (Cx), which has to be greater or equal to a given force Fﬁ ok
transition time 7, 1 (), which has to be smaller than operation time T i
and impact velocity vj, 1 (€r) = $(Tj, ), which has to be smaller than the
maximum allowed velocity v;; ;.- Furthermore, (16d) allows consideration
of additional conditions, for example a minimum supply pressure. Note that
the cylinder diameter d is discrete valued as manufacturers typically offer a
number of predetermined sizes.

To solve the optimization problem (16) a gradient approach is cho-
sen. However, commonly used gradient-based algorithms do not deal with
discrete-value sets of parameters, so the results have to be rounded to be appli-
cable. Furthermore, to assess a parameter configuration ¢ the cost functional
J has to be evaluated which requires a simulation of the system (16b). This
is computationally demanding, especially if the gradient is computed using
finite differences. To overcome those issues, a gradient-based optimization
scheme is proposed that works directly with discrete sets of parameters and
provides its gradient at each iteration step.
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The gradients of the cost function and the inequality constraints with
respect to the design variables

01 910w 0h _0hoe

¢ 0xo¢’ O¢ 0z I

both depend on the sensitivity S(t) = g—zc(t, ¢, ®) € R™*"¢. While the

gradient w.r.t.the system state « is calculated analytically, the sensitivity

itself needs to be simulated at each iteration step v of the optimization
together with (16b) using the ODE:

A7)

o¢ dt B ox o¢ o¢ ’
——
=S(t) =8(t)

and the initial condition S(0) = 0z(0)/0¢. Discretizing the remaining
continuous design variables, namely the supply pressure and the valve con-
ductances, yields a discrete-value set P of the design parameters ¢. By using
the Taylor series

oh
S+ | |A¢, (19
¢ 9¢ c‘)

AT
_Ah

h(z(¢ + AC), ¢+ AC) ~ h(z(¢), ) + (gz

the outcomes of the parameter variations A¢ in the neighbourhood of ¢ are
estimated by using the computationally cheap matrix-vector multiplication
AEVPV where each column of P, corresponds to a parameter configuration
of the set P. The same is done with regard to the cost function (14). The best
predicted feasible configuration with respect to the cost is then chosen for the
next iteration until convergence is archived. The proposed solution gives an
accurate and fast result which allows the algorithm to run for instance as a
web application providing support for system designers.

The baseline setting, to be compared to the results of the above opti-
mization, is chosen according to industrial standards in [18], [19], [20],
consisting of three cylinders. Experimental results using the baseline and
the optimally dimensioned cylinders are summarized in Table 1 and show
that the supply pressure as well as two of the three cylinder diameters are
reduced. For values of the valve conductances, refer to [70], Table A.l.
Further, measurement results showing the effects of the optimization in terms
of position (normalized), pressure and air consumption are shown in Figure 4.
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Table1 Measurements of baseline and optimal dimensioning obtained from discrete scheme
Measurement pp inBar dyinmm doinmm dzinmm Jin N{
Baseline 4.8 32 20 12 4.40
Optimal 3.3 25 16 12 1.96

position
(norm.)

A

pressure
p; in bar

8 4 [Pl b P B o= -
aE R
E= 2 S B
2~ .
S P
0
0 1 2 3 4 5 6 7 S ; o
time ¢t in s

Figure 4 Measurement results of cylinders with optimization-based sizing. Positions (nor-
malized), pressure and air consumption for drive 1 (—), drive 2 (—), and drive 3 (—) before

(==) and after (=) optimization are shown [70]. Note that the unit N/ refers to a standard
reference atmosphere and is denoted in standard liters, see (14).

3.2 Online Adaptation of Control Patterns

Besides proper sizing, optimized operation is a method capable of reducing
the energy intake of pneumatic cylinders. In this section, different control

strategies and an online adaptation scheme are presented based on the results
of [71].

3.2.1 Control strategies

The standard control strategy, already described above, is to aerate one
chamber while simultaneously venting the other until the end position is
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Figure 5 Standard control pattern and proposed strategies A, B and C [59].

reached. Because this approach is suboptimal in terms of air consumption
and material stress (due to high impact velocities), different control policies
are investigated regarding their energy saving potential. Thereby, it has to be
ensured that transition time and robustness against variation of task parame-
ters do not deteriorate. The main idea is to lower the air usage by maximizing
the share of expansion work when performing a motion task.

A qualitative representation of the four considered strategies, Standard,
A, B, and C, is shown in Figure 5, where u; € {—1,0, 1} determines if the
chamber 7 is vented, closed or aerated. For one stroke, in this case extension,
the differences of the proposed schemes are explained in the following: Strat-
egy A stops aeration of chamber A at time TE but continues to vent chamber
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B. By doing so, the pressure level of chamber A does not increase as much as
with the Standard strategy, but instead this approach prioritizes the use of the
expansion potential of the pressurized air. As a result of giving it more time
to expand, the amount of consumed air is significantly smaller compared to
the Standard strategy while the motion task is still completed. However, the
low pressure in chamber B still results in high impact velocities, especially
for large cylinders. Strategy B stops both, aeration and venting, at the same
time TE. This strategy is in particular interesting since it only requires one
5/3 valve with blocking position. Strategy C combines the advantages of the
first two, stopping aeration at time TE and ventilation at T{;. As chamber
B is vented longer than in Strategy B it does not require as much pressure
in chamber A to assure complete extension. Simultaneously, impact speed is
decreased compared to Strategy A, because venting of chamber B is blocked
after Tg until the end position is reached, thus providing more effective
damping. This manifests the broader applicability of Strategy C, though it
needs the highest parametrization effort and relies on the most expensive
hardware compared to the other strategies. Note that in the remainder of this
section double strokes are examined — meaning one full extension followed
by a complete retraction.

Optimal switching points for each policy are determined with the use
of a genetic algorithm, leading to a significant decrease in compressed air
consumption and in part even lower transition times as presented in Table
2. However, this time-based policy is not robust with respect to varying
parameters, e.g., reduced or increased friction as a result of material wear.
This may lead to high impact velocities or incomplete motions, which is
why more robust control strategies are required. One important aspect of
all considered approaches is their feasibility in realistic scenarios, especially
in terms of additional hardware requirements and related costs. A rather
simple adjustment to increase robustness is to carry out the above switch-
ing time-based optimization procedure, determine the piston position at the
optimized switching times and then use these positions instead of time to
determine when to switch. To implement this, only relatively cheap limit
switches mounted at the corresponding intermediate positions are required
to keep track of the piston movement. While this position-based approach
can offset parameter variations in some scenarios, there are no guarantees
for improvement, especially in the case of increased friction and incomplete
motion tasks as a result thereof. This is why in the following an adap-
tive control scheme is considered which proves to be far more reliable in
practice.
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Table 2 Comparison of the energy consumption and transition times for extension and
retraction for the different control patterns

Strategy JinN¢ Tgins 7Tgrins

Standard 0.82 0.30 0.40

A 0.22 0.33 0.34
B 0.23 0.33 0.34
C 0.21 0.21 0.28
o 02 ~ — standard
;§ ;0. 1 adapted
Q o
B -
0 T —
0 02 04 06 0.8 1 1.2 14 16 1.8 2
o 8 O6IAN/
52 4l
2= 4
g Si 21
00 02 04 06 0.8 1 1.2 14 16 18 2
g
g‘E,._gmo '\ ;
Z .5 50 \/\/\
57 ol s
0 02 04 06 0.8 1 1.2 14 16 1.8 2

time ¢ in s

Figure 6 Measurement results of the online adaptation — state over time with continuous air
supply (—) and after 17 adaptation cycles (—), see [54].

3.2.2 Adaptation law
As outlined in the previous paragraph, there is a need for robust, yet inexpen-
sive control patterns. A typical approach to decrease sensitivity with respect
to parameters is to use adaptive strategies that rely on model-based predic-
tions of the system behavior. However, these strategies require additional
sensors. To avoid the cost of any additional sensors and to increase robust-
ness, a model-free online adaptation is introduced and tested in simulations
and experiments.

In this paragraph, Strategy A is used as an example and the constraint
regarding the impact velocity is neglected — an assumption that is fulfilled in
most practical applications.
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Figure 7 Measurement results of the holding forces and switching times for the adaptive
scheme.

To obtain the ideal switching points TZ-H, when aeration is stopped, two
independent optimization problems

min T} (20a)

TH

st hy(TH) = [F o~ I jP(TiH)] <0. (20b)
‘ TJP (TZH) - T;p o

for extension (jp = E, i = A) and retraction (jp = R, i = B) have to
be solved. Larger switching times lead to an increase in holding force and a
decrease in transition time, so for constraint (20b) the inequality

9 h;
o7 = 0, (21)

holds. Since the overall goal is to minimize compressed air consumption, the
switching time TZH* is determined such that all constraints (20b) are satisfied,
i.e., max(h;(TH")) = 0. This is the earliest time at which both constraints
are met and thus the optimal solution for (20). For online computation a line-
search algorithm is used.
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Figure 8 Simulation results of the adaptation law for drop in supply pressure (= =). Switch-
ing times, holdings forces and transition times for extension (—) and retraction (—) are shown.

The adaptation mechanism is tested and compared experimentally against
the Standard strategy. Figure 6 shows the measurement results of the piston
position, pressure and inflowing air for one transition of the Standard strategy
and Strategy A after 17 adaptation cycles. The corresponding holding forces
and switching times are shown in Figure 7.

To further test the extended control pattern, its adaptation to different
realistic parameter changes is simulated: First, friction parameters fc and
fv are increased, and in a second scenario supply pressure py is falling
off. For the latter, the resulting holding force, transition and switching time
over 16 adaptation cycles are shown in Figure 8. After reducing the supply
pressure from 7 bar to 5bar prior to the second cycle, the holding force
collapses before the adaptation mechanism reacts with a larger shifting time
thus restoring the required force of 50 N.

Both, experimental and simulation findings, look promising in terms of
the control law adapting to a significant parameter change, suggesting that
the proposed policy is applicable when trying to improve energy efficiency,
transition velocity, and robustness of a compressed air unit at the same time.
Furthermore, it should be noted that the suggested method only requires
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knowledge of the chamber pressures to estimate the stationary holding force
and the corresponding constraint. Apart from that, no additional sensors are
needed. Additionally, this adaptation pattern enables automatic optimization
of switching points for a large number of cylinders, avoiding individual
tuning. This shows practicability of the proposed approach and its ability to
save manufacturers valuable engineering time.

4 Minimizing the Energy Consumption of Pressurized-air
Networks

Usually, industrial plants use the industrial supply pressure to pressurize
actuators. However, not every pneumatic cylinder requires such a high supply
pressure to operate. As an energy-saving measure, pressure-reducing valves
between supply pressure and actuator are applied to reduce compressed air
intake. In this chapter, two structural improvements on how to reduce energy
consumption are introduced. The first structural change assigns actuators to
valve terminals in a specific cluster in Section 4.1 which is then followed by
a cascaded structure that reuses exhausted air in Section 4.2. Furthermore,
in Section 4.3, the adaptation law presented in Section 3.2.2 is applied to a
whole pressurized-air network. Finally, combinations of these methods are
examined in Section 4.4. The measurements in this section are carried out in
cooperation with Xenon Automatisierungstechnik GmbH, a manufacturer of
industrial plants. They provide and operate an industrial plant demonstrator
that is commercially used in a slightly different variation by one of their
clients. The demonstrator is equipped with additional sensors for validation
purposes. In this way, the presented methods are tested on a real production
plant without disturbing a real production line. Note that more detailed results
and discussions can be found in [54, 59].

4.1 Structural Energy Saving Measures at Plant Level

To save energy in pressurized-air networks, pressure zones within the pro-
duction plant are introduced and optimized. In this scenario it is assumed
that n valve terminals are used to provide pressurized air and thus the na
pneumatic actuators have to be assigned to a specific terminal. Given this
setting, the most intuitive way to save energy is to sort the actuators by their
minimum required pressure level and use this order to attach the actuators
to the available terminals. The pressure level of each single terminal is then
chosen based on the actuator with the highest pressure level. However, from
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an energy point of view, it might be more efficient to assign an actuator to a
higher pressure level, if the pressure level of the plant is thereby reduced
or another actuator that is used more frequently can be added to a lower
pressure level. This potentially leads to an overall reduction of pneumatic air
consumption. The assignment of actuator i to valve terminal jr is described
by an adjacency matrix [54,59]

NH e NlnT
N=| : - i, (22)
Npay1 oo Npgng
where N;, ;. = 1 if actuator ¢ is attached to valve terminal jr and
N;,jr = 0 else. With this matrix, the supply pressure of actuator i, is
computed as
nr
Phin = O NinjePir- 23)
Jjr=1

For solving the assignment problem in an adequate way, the following
simplifying assumptions are made:

* The diameter and minimum required pressure p;, of each cylinder 74
are known.

* The pressure p;,, satisfies the requirements of the cylinder.

* The impact energy of the piston inside the cylinder is neglected.

* The pressure supply is constant and pressure changes are isothermal.

Based on these prerequisites, the assignment problem is formulated as the
following optimization problem [59]

na
min Jin (Phin) (24a)
N, i €{0,1} z‘Az:l (N 1A

nr
s.t. > Nigjr =1, in=1,...,na (24b)
Jjr=1

na
S Niir < fmacjes g7 =Lioooong. (240)

ia=1

The cost function in Equation (24a) is described as the sum of all pressurized-
air consumptions J;, (pn,i, ) of all actuators, defined in (14). Based on the
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assumptions above, p;.. in Equation (23) is computed by taking the maximum
of all minimum required pressure values pj, for all actuators k attached to
valve terminal jr

Pjp = mgx(pMNij = 1) (25)

Each actuator can only be connected to one terminal, which is ensured by
(24b) and each terminal jT can only supply a finite number of actuators
Nmax,jp (24¢). The optimization problem (24) is similar to a generalized
assignment problem and is therefore solved by the Tabu search algo-
rithm [54], which is a heuristic iterative search algorithm. In some cases, it
may not be possible to connect actuators to arbitrary terminals if they are too
far away. In this situation, additional punishments for these actuators can be
added to the cost function (24a), which weigh the distance between actuators
and valve terminals [54,59].

The optimization method is validated on the industrial plant demonstrator
described in [59]. The measurement results show a clear reduction of the
compressed-air consumption, as depicted in Figure 9.

200 T T T T T T T T

volume flow

§ ¢

E2 2

= |
§w 1 /
Y

R=

0 0.5 1 1.5 2 2.5 3 3.5 4
time ¢ in s
Figure9 Measurements for optimized pressure zones. Shown are the supplied pressure flow

at the top and pressurized-air-consumption at the bottom, each for the start configuration (—),
as well as for the optimized configuration (—).
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Figure 11 Components merged to ventilation cascade.

4.2 Cascaded Air Usage

In Section 4.1, multiple pressure zones have been established. To realize
the different pressure levels, pressure-reducing valves are used to relax the
pressure from a high level p,, to a lower level py, > pg. These valves reduce
air consumption, however, there remains a loss of energy potential due to the
venting of the cylinder chamber. Therefore, a cascaded structure to utilize
this exergy by using the pressure difference between p;, and py, is proposed.
In order to give an understanding of the idea, the following thought
experiment is analyzed: Assume an isothermal process and a cylinder with
chamber volume V' without piston rod, which is powered by p;, and working
against py. For the process in Figure 10 it is assumed that p, = 2py,. At first,
chamber B is powered and filled by p;,. Next, chamber B is vented to py, into
a tank of volume V' while chamber A is filled by p,. Due to the assumption of
an isothermal process, the volume in chamber B plus tank is hereby doubled.
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Figure 12 Measurements for cascaded structures. Shown are the supplied pressure flow at

the top and pressurized air consumption at the bottom, each for the start configuration (—), as
well as for the cascaded configuration (—).

Eventually, the expansion process is completed and the piston is on the right
side. For the sake of this thought experiment, it is assumed that the tank
volume is variable and hence the volume V' of pressure p;, yields volume
2V of pressure py. So instead of venting the cylinder to pg, these 2V of
pressure pj, are now available to power other actuators that require a lower
pressure level. The cascaded structure is divided into two pressure levels,
i.e., cylinders powered by py, and cylinders powered by a buffer pressure py,
as illustrated in Figure 11. The buffer pressure py, is bounded from above
by pp max (ventilation) and from below by py, min (pressure control). Given
this structure the cylinders have to be assigned to a pressure level such that
the overall air consumption is minimized. In this Section, it is assumed that
after the cycle time 7" all components are again in their initial state. This is
a typical assumption for production lines, that operate at a certain frequency.
The air consumption is consider with respect to the cycle time 7T'. To operate
as energy efficient as possible, it is demanded that there is no ventilation, i.e.,

Jventilation = 0. (26)
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Figure 13 Measurements for the buffer pressure at the top and pressure flow towards (=)
and out of (—) the buffer volume at the bottom. The optimized buffer pressure is 3.7bar.

If the buffer pressure p;, remains the same during each cycle of the cylinder,
it holds that

J = Jehammel1 + Jebannetz = Jiow + Jventitation = Jiow- (27
Due to the check valves in channel 1 and 2,
Jehannel1 = 0, (28)
Jehannel2 = 0, (29)
holds. Plugging (29) into (27) yields
Jiow = Jehannell, (30)

which means that the exhaust air flow of the high pressure cylinders should
be smaller than, or ideally equal to, the consumption of the low pressure
cylinders. Otherwise, the pressure in the buffer volume would rise which
would cause the need to vent the buffer volume and thus violate (26). Note
that if (26) holds, only the actuators in the low-pressure area contribute to the
overall air consumption and the actuators in the high pressure area operate
for ’free’.



324  D. Miiller et al

If the high pressure area is modeled as a valve terminal denoted by index
jT = 1 the assignment problem is defined as a more sophisticated version of
problem (24):

na
min Z (1= Niy1) Jin (pv) (31a)
Ni p jpPb sl
s.t. Pb < Pb,max (31b)
Jow = Jchannell (31c)

Hzlax(prA’NiAjT - 1) Spb7 jT :27"'7nT (Sld)
A

n
> Nigje =1, in=1,....,na (3le)
Jr=1
nA
Z NiAjT S an,maxa jT = 1, NN (31f)
ia=1

Since the exhaust air of the high pressure area is reused, only actuators in
the low-pressure area are taken into account in (31a). The upper bound of
the buffer pressure py, max in (31b) is determined by computing the pressure
difference which is necessary to power the actuators in the high pressure area.
Given that actuator i requires at least the pressure py, ;, to operate, condition
(31d) guarantees that py, satisfies the movement requirements of all cylinders
in the low pressure area. Note that this condition should be conservative to
make up for any model plant mismatch. Conditions (31e) and (31f) define
the actuator-terminal assignment and are already known from the problem
definition in (24).

The volume of the buffer V}, g, has an impact on the cylinder dynamics,
since smaller buffer volumes cause a higher fluctuating buffer pressure py,. To
determine the buffer volume, the following efficient dimensioning method is
proposed:

1. Assume a large buffer volume Vj,uger — 00 and determine assignments
as well as the pressure py, by solving (31).

2. Determine Vi fer, such that it is large enough and does not influence the
pressure dynamics.

Applying the cascaded structure to the same demonstrator as in Section 4.1
results in an even better reduction of pressurized air consumption, than
pressure zones do, as can be seen in the measurements shown in Figure 12.
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Figure 14 Schematic online adaptation of actuators at plant level, see [59]. Note that u
describes the valve position for all actuators.

Note that the demonstrator is an industrial plant where the parameters are
not as exactly known as the parameters of an laboratory set up. Therefore,
the optimized target buffer pressure p;, = 3.7 bar and the measured buffer
pressure slightly differ by &~ 0.1bar which is caused by these uncertainties.
As desired, the buffer pressure py, is nearly constant and the pressure flows
towards and out of the buffer volume cancel each other out, which is shown
in Figure 13. This means that Jpannei2 = 0, as well as J = Jiow = Jchannell -

4.3 Online Adaptation

This section describes how the online adaptation law from Section 3.2.2 for
one cylinder is modified such that it is applicable to a whole pneumatic
network. The overall schematics of the online adaptation process is shown
in Figure 14: At first, switching points are initialized and then adapted to
T,? using a line-search algorithm based on measured data. Then, control
strategy A is used in order to generate the signal, which is applied onto
the valve terminals. For the demonstrator, it is assumed that all cylinders
are decoupled. To detect whether a cylinder satisfies its requirements, the
pressure is measured and then used to compute the actuator force. This force
must be higher than the static friction in order for the cylinder to expand.
Finally, a limit switch is used to measure transition times.

This online control adaptation is applicable without much effort, since
only a stationary end position force is needed for implementation. Further-
more, no parameter identification has to be applied, since the line-search
algorithm is model-free.

Implementing the online adaptation on the industrial plant demonstrator
yields the results shown in Figure 15, which indicate a strong reduction of
pressurized air consumption. The respective pressurized air consumptions
w. . t. adaptation cycles are shown in Figure 16. As can be seen, the online
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Figure 15 Measurements of initial pressure consumption (—) and pressure consumption
after 56 adaptation cycles (—) [59].

Jin N/
o w
|

[t

consumption

| | | | |

0 10 20 30 40 50
Adaptation cycle

(=]

Figure 16 Consumption of pressurized air in dependency of the number of adaptation
cycles [54,59].

control strategy is aggressive, since all switching times decrease quickly
when using a line-search algorithm.

4.4 Comparison and Combination of Structural Measures and
Online Adaptation

The online control pattern adaptation from Section 4.3 can be either com-
bined with the multiple pressure zones described in Section 4.3 or the
cascaded air usage from Section 4.2.
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Table 3 Comparison of the experimental energy consumption and savings of the proposed
methods. Combination refers to the cascaded air usage and the adaptive control law applied
together

Consumption in N¢  Savings in %

Standard 2.87 -
Optimized pressure zones 1.32 54
Cascaded air usage 1.17 59
Adaptive control law 1.00 65
Combination 0.92 68

However, combining pressure zones with online adaptation does not
result in more energy savings. In fact, adding pressure zones to online
adaptation results in the same energy consumption as online adaptation on
its own. This is explained by the fact that reducing the supplied pressure at
valve terminals leaves less exergy potential for online adaptation.

Combining the cascaded structure with online adaptation yields bet-
ter results than using either method alone. This is the case since the
online adaptation is able to exploit the exergy more efficiently for cascaded
structures [59].

Table 3 presents the results of the compressed air consumption of the
industrial standard method, all three single measures, and the combination of
online adaptation and the cascaded air usage.

In the following the obtained results are discussed and the findings of [54]
are extended. In order to determine whether the proposed approach is worth
implementing, the additional hardware cost and implementation effort is
usually compared against the potential energy savings. However, companies
are sensitive to changes in their production lines, as a production stop imme-
diately causes additional costs. Thus, user acceptance plays an important role
which is in line with experience of the authors.

The optimized pressure zones approach is the most simple strategy and
only requires pressure-reducing valves. Especially if the geometric distance
is included in the optimization problem, complex interconnections can be
avoided. Further, it has the highest user acceptance since the fall back method
is to simply increase the pressure to the previous level. Although, it has the
smallest saving potential of all methods, the absolute saving potential of more
than 50% is significant. Therefore, this should be the default method if no
expert user is available.

The structure of the cascaded configuration is more complex and requires
additional valves, throttles, pressure regulators as well as a buffer volume.
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From an energetic point of view, this method is preferable in comparison to
the optimized pressure zones. The cascaded configuration also does not affect
the dynamic behavior of the actuators due to the way the structure is set up by
guaranteeing a minimal pressure in the buffer volume. Further, the additional
components are known to the pneumatic operator, which further increases
the user acceptance. However, the implementation requires an expert user
able to understand the cascaded concept, which might be a stepping stone in
comparison to the optimized pressure zones.

The largest saving potential of all single methods was achieved using
the adaptive control law since each motion task is adjusted individually. As
the automatism comes as a black-box algorithm the implementation effort is
comparably low. However, this might also be a problem for user acceptance
since the control strategy is unknown or not understood and thus the user
might not be able to perform debugging, which is crucial in production lines.
This means that the fear of not being able to handle potential problems
from the algorithm might be a criterion for exclusion. The algorithm further
requires the appropriate valve technology, processors and sensors which
further hinders user acceptance. Although, this method is a plug and play
approach in theory, it might only be used if an expert is available who can fix
potential problems due to the low user acceptance.

Finally, the combination of the adaptation law and the cascaded config-
uration yields an additional 3% saving potential compared to solely using
the adaptation law. Although the best results were achieved this way, the
drawbacks are also joined. These are the combined hardware costs as well
as the requirement of an expert user and the drawback of not being able to
debug the black-box algorithm. Thus, the combination is only recommended
if energy saving is the sole criterion. Otherwise, either the adaptation law or
the cascaded configuration is recommended.

5 Summary and Conclusions

This work was concerned with the energy saving potential of compressed
air systems. First, in-depth models of the components of individual drives
were introduced: A mechanical and thermodynamical model of pneumatic
cylinders was used to describe the dynamics of the piston position and cham-
ber pressure, before modeling of valves and tubes was considered. Optimal
dimensioning parameters for a single pneumatic cylinder were found using
a proposed gradient-based optimization algorithm and the derived model.
Additionally, different control strategies were tested and as an extension to
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this concept, an adaptive control law, automatically adjusting the switching
times, was presented. This resulted in increased energy efficiency through an
enhanced motion profile, while at the same time offering improved robust-
ness against uncertainties in the task parameters. Since production plants
typically operate multiple drives simultaneously, energy saving methods on
the level of pressurized air networks were investigated next. Apart from the
aforementioned adaptation mechanism, which is also applicable to entire
production plants, optimized pressure zones and cascaded air usage as well
as combinations of the three were discussed. The latter two make use of an
improved distribution of the supply pressure by sorting the actuators in terms
of required pressure level or reusing exhausted air, respectively.

All proposed measures were tested and compared against state-of-the-art
strategies using simulation and experimental results and showed significantly
improved performance. Further, the experiments were performed on an indus-
trial plant demonstrator. The developed methods provide the possibility to
reduce consumption of compressed air applications in the industry by more
than 60% and are applicable in an easy and automated fashion. An overview
of the energy savings for each method is presented in Table 3.
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Symbols and Variables

Symbol Description
N adjacency matrix

J air consumption

00 air density

@ angle of mounting orientation

(Continued)
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Continued
Symbol Description
U; change of the internal energy of chamber %
b critical pressure ratio
8 constant for the contact force model
vy constant for the contact force model
1 constant for the contact force model
fc Coulomb friction coefficient
A, A; cross section, piston area of chamber 4
l cylinder length
d cylinder diameter
Vip demanded (maximal) impact velocity for process jp
T7, demanded (maximal) transition time for process jp
F demanded (minimal) holding force for process jp
p density of the fluid
¢ design parameters
H; change of the enthalpy of chamber %
P flow function
F; force; holding H, terminal T, friction F, gravitational G
g gravity
Cp heat capacity for constant pressure
Co heat capacity for constant volume
Qi heat flow of chamber %
ar heat transfer coefficient
h inequality constraints
K isentropic exponent
M load mass
T, m; mass flow; in chamber %, of buffer b
na number of actuators
8 piston acceleration
s piston position
$ piston velocity
n polytropic exponent
my positive shares of the mass flow in chamber 7
i pressure; of chamber ; ambient 0, supply h, buffer b
S sensitivity
ds shape parameter for the friction force model
C sonic conductance
Ry, specific gas constant
c speed of sound

(Continued)
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Continued
Symbol Description
x state of the system
fs Stribeck friction coefficient
e Stribeck velocity
TH, T switching times of chamber ¢
L] task parameters
0; temperature; of chamber ¢; ambient 0
VG transition velocity
Uiy W valve position of chamber 7; vector of
v velocity of the fluid
fv viscous friction coefficient
Vi volume of chamber %
Wi work for volume change of chamber ¢
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