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SAVING COMPRESSED AIR BY CHOOSING AN EFFICIENT PNEUMATIC DRIVE
CONTROL CIRCUIT

The article presents the development of pneumatic circuits and control charts of pneumatic distribution valves, which
make it possible to significantly expand the scope of application of power pneumatic tools to increase inertial loads and
achieve a significant reduction in compressed air consumption compared to traditional throttle braking circuits with the
simultaneous increase of the response speed of the pneumatic drive. A mathematical model of a pneumatic drive in a
dimensionless form is obtained, and dynamic similarity criteria are highlighted. A methodology for determining the scope
of efficient use of an energy-saving pneumatic drive circuits under specific operating conditions was created
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EKOHOMISI CTHCHEHOI'O MOBITPA I[IJIIXOM BHBOPY E®EKTHBHOI
CXEMMU KEPYBAHHA IHEBMATUYHUM ITPUBOJIOM

VY craTTi NpUBEICHO PO3pPOOKY MHEBMATUYHUX CXEM Ta CXEM KEpYBaHHS MTHEBMOPO3MOIUILHUMHY KIIallaHAMH, sKi
JAI0Th 3MOTY 3HAYHO PO3INUPUTH c(epy 3acTOCYBaHHs CHIIOBOIO ITHEBMOTPHUBOMY [UIS 3OUIBIICHHS 1HEPIIHHUX
HABaHTAXXCHb Ta JOCATTH CYTTEBOTO 3HM)KEHHS BHUTPAT CTUCHEHOIO MOBITPSl MOPIBHSHO 3 TPaAULIMHUMU CXEeMaMu
JIPOCENBHOTO TallbMyBaHHS. 3 OJHOYACHUM 301MBIICHHSAM IIBHIKOCTI CIPAIIOBAHHSA MHEBMONPUBOAY. OTpUMaHO
MaTeMaTHYHy MOJENb ITHEBMONPHBOAY B OE3pO3MIpHOMY BHIJISAI Ta BHIUIEHO KpUTEpil AMHAMIYHOI MOAIOHOCTI.
CTBOpPEHO METOIWKY BH3HAYCHHS 00JacTi e(eKTHBHOTO BHKOPHUCTAHHS €HEepPro30epiralodymx CXeM ITHEBMATHYHOIO
MPUBOJY B KOHKPETHUX YMOBaX €KCILTyaTallii.

KuaiouoBi ciioBa: ekoHOMiuHA €(DEKTHBHICTD, MATEMATHYHA MOJIENb, THEBMOMIPHUBO/I, IHEPIiiHE HABAHTAXKCHHS

Introduction and justification of relevance. Compressed air production in industrialized
countries accounts for 10 to 15% of electricity from the total energy balance [9]. At the same time,
compressed air is one of the most expensive energy carriers. One kilojoule of energy realized using a
pneumatic drive is 5-7 times more expensive that realized using an electric drive [9]. Therefore, the
task of energy saving should be solved at every phase, starting from the production and its
transportation of this energy carrier up to the use as a means of automating production processes. In
the latter case, the problem of designing an energy-efficient pneumatic drive (PD) should be solved
in conjunction with other urgent problems: the expansion of the scope of application of power
pneumatic tools to increase inertial loads, as well as the need to combine the pneumatic drive with
modern microprocessor controls.

The most complete review of publications in this area with the addition of an extensive reference
list is given in [9]. The authors focus in more detail on publications related to improving the energy
efficiency of pneumatic motors, eliminating leaks in pneumatic pipelines, reducing pressure in the
production of compressed air with subsequent restoration due to the multiplication effect, using
recovery in the pipeline, and a rational controlling program for a group of compressors.

In [3], the idea of reducing the air pressure during its production with subsequent pressure
restoration before the pneumatic motor using the multiplication effect based on the use of a booster
valve is worked out in sufficient detail and justified. The effect of recovery of excess air mass into the
pipeline is proposed to be used as the second source of energy efficiency improvement.

In [4], it is shown how, by replacing a 4-line servo valve with two 3-line servo valves, it is possible
to introduce separate control over the air supply to the working cavity of the cylinder and the removal
of air from the exhaust cavity of the cylinder, which leads to a more efficient use of compressed air
energy.

The authors of [7] focus on the issues of optimizing compressed air production in order to
minimize energy consumption. They investigate the energy efficiency of two methods of compressed
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air production: using one compressor with an adjustable speed of rotation of the drive motor and two
or more compressors, which are switched on and off according to a specific program, depending on
the consumption of compressed air by the system.

As the task of controlling the pneumatic drive basically includes braking and positioning the
working body, solving this problem should provide opportunities to improve the energy efficiency of
the pneumatic drive. Here, non-dissipative methods of quenching the kinetic energy of moving
elements of the drive are of the greatest interest, i.e., methods based on the use of air compression
force in the brake cavity of the cylinder as a braking force. The methods, when the cylinder cavities
are connected to various switching objects without using throttles to accelerate, brake and lock
(position) the piston, can be called braking by changing the structure of switching connections. As for
the problem of high-precision positioning of the working body of the PD, English researchers Linnet
and Smith first proposed the use of braking by switching switch connections using three-line
pneumatic distribution valves [5, 6].

The authors of the works [1, 2] drew attention to an important feature of non-dissipative braking
due to switching of switching connections - the use of braking energy in the form of potential energy
of compressed air in the brake cavity either for recovery to the pipeline or for the implementation of
the reverse course of the working body.

This article focuses on the further development of this area of research.

Purpose and objective of the study

The purpose of this study is to increase the energy efficiency of the pneumatic drive and expand
the scope of application of power pneumatic tools for a significant increase in the inertial load due to
the choice of a rational structure of switching connections for all phases of motion of the working
element of the PD, as well as to determine the scope of efficient use of energy-saving pneumatic drive
circuits.

To achieve this goal, the following tasks were identified and solved:

- justification of the most expedient structure of switching connections for all phases of motion
of the working element of the PD, ensuring minimization of unproductive energy consumption;

- development of an energy-saving pneumatic drive circuits and its control algorithm;

- computer simulation based on the developed mathematical model in dimensional and
dimensionless form in order to determine the scope of efficient use of the energy-saving pneumatic
drive circuit.

Problem Statement

In the study of energy indicators, the efficiency of compressed air (exergy) was used as the
consumed energy, i.e., the maximum useful work that can be obtained from a thermodynamic system
as a result of its reversible transition to a thermal and mechanical state of equilibrium with the
environment. If the compressed air in the compressor receiver and refrigerator comes into thermal
equilibrium with the environment, then the specific operability can be determined by the expression

[8]:

R-T
Ip:R-TM-In&:U +— . (py, — Pa ) (1)
Pa Pu
where R-Ty -(pM — pa) - specific work of ejection (air blast), which is commonly called transit

Pu
efficiency; U - operation of isothermal expansion (compression).

R-T
Work defined by the area p, p, ab (Fig. 1) is VZ(pM — pa)z » M -(pM - pa) is characteristic

of the compressed air flow and is carried out not by changing the state of the gas in the flow, but by
the energy that is transmitted through this gas from an external source (compressor), i.e., compressed
air acts here as a kinematic link connecting the compressor displacement body with the working
element of the pneumatic motor.

Bicnux HTY «XI1I». Cepisa: Aeémomobine- ma mpaxmopo6yoysanns Nel, 2024 11



ISSN 2078-6840

Work defined by the area abc is the work of the gas at rest and is associated with the potential

energy of compressed air U which can be realized by isothermal expansion of the gas up to reaching
complete equilibrium with the environment
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Fig. 1 — Image of specific efficiency in p—V coordinates

In pneumatic motors with a full filling of the working volume, only the transit efficiency of
compressed air is used, and air with unrealized potential energy is simply released from the exhaust
cavity of the pneumatic motor into the atmosphere. This disadvantage affects all pneumatic motors in
pneumatic drives with traditional throttle braking (Fig. 2).

In addition to low energy efficiency, another drawback of pneumatic drives with traditional
throttle braking is due to the fact that the scope of operation of such drives is limited by a rather low
inertial load. The transition process in Fig. 3, obtained as a result of computer simulation for PD with
a piston diameter D =50 mm, piston stroke length L =0,5 m and compressed air pressure in the

main pipeline p,, =0,6 MPa, shows that already at mass load m=230 the transition process during
throttle braking is accompanied by a developed oscillatory process and a long response time.
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Fig. 2 — Throttle braking circuit with a discrete brake valve
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Fig. 3 — Transition process in PD with a discrete charge brake valve

Braking of the motion of the working body by changing the structure of switching
connections

The transition to pneumatic drives with braking by changing the structure of switching
connections provides a large number of circuits and options for switching the working and exhaust
cavities of the pneumatic motor in the mode of acceleration, braking and locking the working element
(WE) of the pneumatic drive. According to the principle of energy saving, preference should be given
to the control circuit and algorithm that meets the following conditions:

- when the piston is locked, it must be held by means of the minimum required differential
pressure on the piston, and the lower pressure must correspond to atmospheric pressure, and air with
a higher pressure must be taken from the outlet of the pressure reducing valve (pressure P, );

- in the acceleration phase, the working cavity that was previously switched with the atmosphere
is combined with the supply line (pressure p,,), and the exhaust cavity is combined with the
atmosphere. Low back pressure in the exhaust cavity in the initial phase of motion ensures the fastest
acceleration of the piston;

- in the braking phase, the working cavity must be connected to the low-pressure source through
a pre-closed check valve ( p, ), and the exhaust cavity is connected to the main supply line through a

pre-closed check valve ( p,, ). This ensures a more complete use of the efficiency of compressed air in
the working cavity due to the realization of the potential energy of compressed air, as well as the
recovery of braking energy to the supply pipeline from the exhaust (brake) cavity and an
approximately constant pressure drop on the piston;

- in the final phase of braking p,, — p, (uniformly decelerating braking mode). After the piston
stops, the locking mode begins, in which the working cavity is further connected with the low-pressure
source ( Py ), and the exhaust cavity is connected with the atmosphere.

The desired switching connections are shown in Table 1.

A pneumatic circuit and control chart of distribution valves based on 3/2 valves is shown in Fig.
4. A smaller pneumatic circuit can be obtained using a 5/3 distribution valves (Fig. 5). The circuits
are made with pressure reducing valves without a discharge valve, which close the supply channel of
the working cavity of the cylinder as long as the pressure in the working cavity is higher than the
pressure of the gearbox setting ( Py ).

The coordination of the start of braking is controlled using miniature remote position sensors with
a Reed or inductive electric output, installed directly on the cylinder liner [11].
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When a mathematical model for computer simulation of the operation processes in these
pneumatic drives was developed, the task was not only to obtain a transition process

Table 1 - Switching connections for different phases of motion
Moving to the right Moving to the left
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Fig. 4 — Energy-saving pneumatic drive circuit using 3/2 distribution valves
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Fig. 5 — Energy-saving pneumatic drive structure using 5/3 distribution valves

in an energy-saving pneumatic drive in order to justify its advantage over drives with throttle braking,
but also to determine the scope of efficient use of such drives. For such purposes, a mathematical
model in dimensional form cannot be used because of multiple independent parameters that determine
the nature of transients. American researchers Tsai and Cassidy in their work [10] were among the
first to propose normalization of differential equations describing gas-mechanical processes in a
pneumatic gearbox, based on the principle of minimizing dimensionless complexes. To achieve this
purpose, they proposed using dimensionless time as an independent variable.

Based on these principles, we present a nonlinear mathematical model of the drive in

dimensionless form, reducing it to the Cauchy Form (2).

doy _ K 5 9.
s —501+§[5121¢(I1) O_ldz_}

do, _ﬁdgl + 6 d_f_ ' (P(|1) .
= Sth—
dr  op dr &y +&dr S1+¢
do k | d
2 _ 5222(/’(;)_02_5;
dr 502 +1—(§ HZ]. dr

do, _ 6, doy L O dé o7 o(l,)
- 2°2 _F ,
dr o, dv &p+1-&dr IT3,(Epp +1- &)

(2)

g _ ;.
dr_g’
g—i=%(01—02172|:1—)()

where o;=p;/Py, 02=P2/Py, & =T1/Ty, 6,=T,/T, - dimensionless pressures and

temperatures in the working and exhaust cavities of the cylinder, respectively (p,,,T,, - parameters of

-V
air in the supply line); £ =x/L, &= Etﬁ - & — respectively, dimensionless coordinates and velocity

_ AL
£ JkRT,

volume of the cylinder with air moving at the speed of sound a,, =+/kRT, (L - full stroke of the

of the piston; t5 = - base unit of time, numerically equal to the time of filling the working
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piston; F; - area of the piston) through an opening equal to the effective area of the intake pneumatic
line f° = f;; 7 =t/t; - dimensionless time; [T}, = F, /F;, —the ratio of piston areas in the rod cavity

and in the rodless cavity; &y, &y — dimensionless initial boundaries of the piston on the side of the

working and exhaust cavities.
The main criteria for dynamic similarity of a pneumatic drive include:

=— = - inertia criterion (reduced mass) which is numerically equal to the ratio of the inertia
t6 1 Py

2
force at basic acceleration L/ 5§ to the maximum (indicator) force developed by the piston; y =
1 P
- relative static load.

Dimensionless parameters IT5;, &o1» &op are considered to be secondary similarity criteria,

because they either hardly change in real pneumatic drives or have little effect on the transition
process.

The system (2) is the basic platform for describing all pneumatic drive circuits with braking by
changing the structure of switching connections.

To identify a specific circuit, logical-algebraic modules are introduced 1y, 1,, S;, S», S, S5,7,
z,, which describe the nature of switching connections for this circuit at different phases of piston
motion. The pressure ratios on the supply and discharge lines are determined taking into account
changes in the flow direction:

sign(y,—p,) sign(y,-p,)
o g
Y1 Y2

where y; and Yy, - function of connecting the switching objects for the left and right cylinder cavities,
respectively. For pneumatic drive with the control circuits and algorithm in Fig. 5:

1+ sign(p, — 1+ sign(p, — R
yl—TlR|: g(zpk P g(2p1 pk)pl}_,_TszRpM_,_

T R[1+ S|gn(2p1 - Pa) o, + 1+ Slgn(zpa -p) p1} N

.\ RT2T1[1+ S|gn(2p1 -p,) - 1+ S|gn(2pM ) pl};

y, =T, R[H sngn(zpk P, 1t sngn(pz ~ P }+T1T_z Rp. +

.7 R{HSIgn(zp |oa)Ioa+1+si@1n(2|oa—|02)|02}+

" 2
Boolean variables T;, T,, R take the value 1 when current is applied to the corresponding

LRT,T {1+ sngn(zpz = Pu) 1 sign(py = py) pz}

electromagnets, and the variables T, T,, R take the value 1 when the current is disconnected from
the corresponding electromagnets.

Dimensionless pressure parameters of switching objects for the left and right cylinder chambers
Oml = yl/ Pyr Oz = yZ/pM'

Spending function:
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ol1y)= 1+sign(l —0,528) \/ 2 (I 20k |('<+1)/k)+ 0,5791—sign(l —0,528), 3)
2 k-1
where Kk is an adiabatic indicator.
Functions s;, S,, S{, S5 allow us to perform a discrete change in the structure of the first six
equations of the system (2) due to the transition from filling the cylinder cavities to emptying and vice
versa:

:1+sign(c;Ml—al)(7 —1+Sign(01_aM1)al\/E;

2 vl 2
1+sign - 1+ signlo, —
= g (;Mz Uz)O_MZJr 9 (;2 GMZ)GZ\/e_zi
1= 2 P 2 016
g :_1+Sign(O'M2—0'2)0_22+1+Sign(0'2—O'M2)o_ 0,
2 2 oy 2 22

During numerical integration of differential equations in dimensionless form, in addition to
determining the parameters of internal transients (dimensionless pressures and temperatures in the

cavities of the pneumatic cylinder oy, o5, 6, 0,) and state variables ¢, & (motion and speed of the
working element) the relative mass amount of compressed air consumed during a single operation was
determined M and averaged per cycle efficiency Mep*

M= .err/Fl Lp, = fgo(ll)dr, 4
0 0

where G - mass flow rate supplied to the pneumatic cylinder; go(ll) - cost function; 7. - dimensionless
response time; F; L p,, - mass amount of compressed air required to fill the working volume with

o . . RT, . :
compressed air to its parameters in the supply line ( p,,,7,,), Py, = —— - compressed air density.

M
Compressed air energy consumed during a single actuating ( E ) is defined according to expression

(1):

tCP t0p
E= RTM-lnidet= f¢p, JKRT, |nij¢(|1)dt. (5)
Oy 0 Oy 0

Since that PD with large mass loads and braking of the working element at the end of the stroke
are studied, then as a useful work in the calculation 7, in addition to work to overcome the static

resistance force P - L, the average kinetic energy of moving parts per cycle was taken into account
t,
o [vadtep.L
2:tp 4 _
= , (6)
£8 . p,JKRT, In-1- [o(1,)dt
Ta

77cp =

Or in dimensionless form:
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TUP
P ; J. Eldr+y
2-7,, 0
Mep = . ; (7)
17
zIn— I¢(I1)dr
Ta
where 7, - dimensionless time of motion of the working element of the PD from one position to

another; 7, - full response time; o, = Pa/Py; %, Z - coefficients of a discrete change in the

throughput of the supply and exhaust lines when the structure of switching connections is changed.

Thus, the average efficiency of PD can be calculated during the general numerical integration of
the original mathematical model, expanded by introducing new equations (6) and new integrated
parameters Y and M into the system (2).

aM = = 1+ sign(oy, — 1+sign(o, —1

2 2
, ®)
LA
dr 2
After the pneumatic drive completed the actuation cycle and values 7, Y and M were obtained
based on numerical integration, the averaged efficiency of PD over the cycle was calculated:
Y/t +x
=t 2 ©)
M-InYo,

Fig. 6 shows the transition process in PD with braking of the working elements by changing the
structure of switching connections with an energy-saving mode of operation at the same drive
parameters as with throttle braking (Fig. 3). The difference is that the mass load is brought up to 100
kg. Supply pressure p,, =0,6 MPa, pressure setting p,, = 0,2 MPa. The very form of the transition

process changed dramatically and it approached the optimal one, when the speed change is close to
the cycloidal law.

P,
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Fig. 6 — Transition process in a pneumatic drive operating according to the circuit in Fig. 5

When braking with a controlled and regulated brake pressure pulse was used, the following
significant changes occurred:
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- the response speed due to the reduction of deadwork of pushing air out of the exhaust cavity and
optimizing the form of the transition process has significantly increased (the response time has been
reduced by 2.5 to 3 times compared to the throttle braking option);

- the transition process became unfluctuating with a uniformly decelerating braking mode, and
the amount of negative acceleration can be controlled by adjusting the pressure of the pressure
reducing valve;

- at medium and high inertial loads, the effective energy saving mode is implemented (Fig. 7, 8);

- for a period of time ¢ — d (fig. 6) the work of compressed air in the left cavity of the cylinder is
carried out due to the potential energy of expansion (compression) U (1);

- for a period of time a — b compressed air from the brake cavity is recovered into the pipeline.

Curve M' displays compressed air consumption without considering recovery. Curve M
corresponds to the compressed air flow rate, considering recovery.

Determination of the scope of efficient use of a pneumatic drive with energy-saving control
circuits

Transition process in PD with an energy-saving circuit in dimensionless form (Fig. 7) was
obtained at f=2,5 and y =01, and its defining feature is the ability to estimate the reduction in

compressed air consumption immediately as a percentage compared to throttle braking (full filling of
the working volume). In this case M -100% = 22% from full filling of the working volume.

Limitation of differential equations based on the principle of minimizing dimensionless
complexes allowed us to generalize the results of computer simulation in the form of a single graph
in the plane of similarity criteria f and y (Fig. 8).

Determination of the scope of efficient use of energy-saving circuits (Fig. 5, 6) is based on the
selection of boundaries in the space of dynamic similarity criteria f and y (Fig. 8).

The area of the most efficient use of energy-saving pneumatic drive circuits lies within the limits
of 2< <5 and y <0,3, where the consumption of compressed air can be reduced by 2 to 10 times.
At the same time, the area of effective braking is significantly expanded up to f =5, which greatly

overlaps the scope of use of PD with traditional throttle braking ( £ <0,5).
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Fig. 7 — Transition process in dimensionless form

Bicnux HTY «XI1I». Cepisa: Aeémomobine- ma mpaxmopo6yoysanns Nel, 2024 19



ISSN 2078-6840

M

1.0 = |
— Q=
0.9 L 1}14
\
0.8 \ ~00.050.1 0.150.2 0.25 0.3
0.7\ el A \
os D THEEESE
05 >>C = :E:_:—:—EE
04/ ,2<§ M-
0.3 ’Ef’ \ZL T
- ~
0.2 — ——
01 NN
=107 ¥=0.3 025 0.2 0.15 0.1 0.05
| [ S N I A

\
o 1 2 3 4 5P
Fig. 8 — Dependence of the relative mass of air consumed M and focused efficiency 5 on similarity
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Calculating the values of similarity criteria based on the initial design data and load conditions of
the PD £ and y you can use the graph in Fig. 8 to determine the savings of compressed air with one

actuation of the PD knowing the service life of the pneumatic motor (for a pneumatic cylinder 2 1108
compressed air savings can be calculated for the entire period of operation of the pneumatic system.

When the price 1 M is known, it is possible to compare operating costs (the cost of compressed air
consumed) and one-time costs (the cost of hardware implementation of the corresponding pneumatic
circuits) to conduct a cost analysis and make an informed decision on the feasibility of switching to
an energy-saving PD circuit.

In an experimental study of the proposed braking methods, a long-stroke cylinder by SMC (Japan)
was used (D =50 mm; L=1000 mm; d =20 mm), installed on the lathe bed. A trolley with loads
was used as a loading device, which could move along the guides of the bed. The trolley could be
loaded with flat weights with a weight of up to 20 kg up to 400 kg (the weight of the trolley is 10 kg).

Fig. 9, 10 show waveforms of the transition process obtained when the drive is loaded with a
mass load of 30 kg (medium load) and 190 kg (heavy load), respectively. The shape of the transition
process on the waveforms indicates that in the braking mode a constant pressure drop on the piston

P2~ P1 and uniformly decelerating braking mode at the final phase of braking can be maintained.

Moreover, as the load increases, the braking mode becomes more stable (Fig. 10), which suggests
the possibility of effective use of the proposed method of controlling the pneumatic drive in conditions
of inertial loads that are many times higher than the capabilities of the drive with throttle braking.

20 Bicnux HTY «XI1I». Cepia: Asmomobine- ma mpaxkmopo6yoyeanus Nel, 2024



ISSN 2078-6840

Fig. 9 — Waveform of the transition process for circuit No. 3 when the rod is extended
( py =045 MPa; py =01 MPa; xg1 =Xg2 =0,08 m; 175:1 =084; m=30 kg; L=1000 mm)

Fig. 10 — Waveform of the transition process for circuit No. 3 when the rod is extended
(py =045 MPa; p =01 MPa; xg; =xg2 =0,08 m; Hgl =084; m=190 kg; L=1000 mm)

The waveforms also show areas that indicate the effective use of the potential expansion energy
of compressed air in the working cavity of the pneumatic cylinder (curve p(t)), recovery of

compressed air from the brake cavity into the pipeline (curve po(t)), as well as a low level of back

pressure in the exhaust cavity until braking begins. This confirms a significant improvement in the
energy characteristics of PD.

Conclusions. Pneumatic circuits and control charts of distribution valves are proposed, which
make it possible to significantly expand the scope of application of power pneumatic tools to increase
inertial loads and achieve a significant reduction in compressed air consumption compared to
traditional throttle braking circuits with the simultaneous increase of the response speed of the
pneumatic drive.

Energy and dynamic analysis allows us to establish with a high degree of confidence that the
developed pneumatic drive circuit provides high response time over the entire range of inertial and
static loads with smooth impact-free operation with an equal-speed and adjustable braking mode.

The drive provides optimal switching connections for each phase of motion, thereby achieving:

- sufficiently complete use of the potential energy of air expansion in the working cavity;

- reduction of deadwork of pushing compressed air out of the exhaust cavity;

- significant reduction in compressed air consumption for locking the piston in the final position;

- recovery of potential compressed air energy from the brake cavity into the pipeline.
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Using a dimensionless form of a mathematical model of a pneumatic drive with the identification

of dynamic similarity criteria, it was possible to create a methodology for determining the scope of
efficient use of an energy-saving PD circuit under specific operating conditions.
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