|l =,

Oé6nacmo 3acmocyeanis nHesMonpusooie pouu-
pena yoix 30invuenns THepuiiHux HAGAHMANCeHs 34
PAXYHOK 2a1oMYBAHHS WIIAXOM 3MIHU CMPYKMYpU
Komymauiinux 36 a3xie. /losederno nepesazy maxozo
cnocody nao mpaduuitinum cnoco6om OpocenvHozo
eanvmyeanns. Taxoxc eusnaveni cnocodu sHuUNCeHHs
HeNpoOYKMUGHUX eHep2osUMpPam y nHe6MoOnpuUo0ax
WAAXOM CIPYKMYPHOZ0 Ui NAPAMEMPULHO20 CUHME-
3y. Budinena ob6nacmo pauionansiozo euxopucman-
HSL 3aNPONOHOBAHUX CXeM NHEEMONPUBODiE

Kntouosi caosa: ouckpemmui nuesmonpueoou,
cmpykmypa KoMymauiiHux 3693Ki6, 3HUNCEHHS
HenpoOyKmMueHUxX enepzosumpam

=, u]

Ob6nacmo npumenenus nieemMonpuoodos pacuiu-
PpeHa 8 Cmopory YeeauteHus UHEPUUOHHBIX HAZPY30K
3a cuem MOPMONCEHUS NYmMeM UIMEHEHUS. CMPYK-
mypovt Kommymauuonnotx ceszei. /Joxazano npe-
UMYWECME0 MAaK020 Cnocoda HAd MpaouyUOHHbLIM
cnoco6om apoccenvrozo mopmodxcenust. Taxoice onpe-
deslenbl CROCOOLL CHUMNCEHUS HENPOU3BOOUMETILHBIX
JHepzo3ampam 6 NHe6MONPUEOIax nymem cCmpyk-
MYpPHO20 U napamempureckozo cunmesa. Bvidenena
00acmb PauUOHANILHOZ0 UCNONLI0BAHUSL NPEONO-
HCEHHBIX CXeM NHEEMONPUB0008

Kntouesvie cnosa: ouckpemmoie nieemonpusoost,
CmpyKmypa KOMMYMAuUOHHbIX C6s3ell, CHUdMCeHue
Henpou36o00umebHLIX IHEpZoO3ampanm

0 =,

1. Introduction

Relevance and need for studies, directed toward devel-
opment and introduction of energy-saving circuits for pneu-
matic actuators, is predetermined, one the one hand, by the
fact that compressed air is one of the most expensive energy
carriers. One kilojoule of energy, realized with the help of
pneumatic motors, costs 5+7 times more than that with the
aid of electric motors [1]. From the other hand, this is due to
the fact that the scale of application of compressed air in the
industrially developed countries constantly grows and, at
present, production of compressed air accounts already for
15 % of the country’s total energy balance [1].

The schemes and algorithms, proposed and substantiated
in present work, to control a pneumatic actuator provide for a
cardinal reduction in unproductive power costs with a simul-
taneous improvement of other operating characteristics of
the drive. Studies presented in the article are directly related
to solving fundamental problems on the utmost increase in
the energy effectiveness of contemporary production.

2. Literature review and problem statement

In contemporary basic research into the field of energy
saving in pneumatic systems, the processes of braking are
not connected as a rule with the energy saving [2—4]. Thus,
article [2] mentions ten methods to reduce expenditures in
the pneumatic systems, starting from eliminating leakages
to the maximum minimization of the overall dimensions
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of pneumatic actuators. Paper [4] proposes to minimize
operating pressure and dimensions of cylinder, as well as
recycle exhaust air, but there are no references on the choice
of energy-saving methods for braking and positioning of the
operating units of pneumatic actuator.

Authors of article [5] were among the first who paid
attention to the fact that using compressed air in pneumatic
actuators makes it possible to realize a non-dissipative brak-
ing method in pneumatic actuators (to accumulate braking
energy in the form of potential energy of compression, turn-
ing a brake cavity into compressor during the return stroke).
The same approach is applied in an earlier paper by Japanese
researchers [6]. A realization of such compression-driv-
ing regime, although undoubtedly decreasing unproductive
consumption of compressed air, is inferior, however, to the
methods of braking, proposed in this article as it requires
the existence of mechanical switches of position of operating
unit. A more exotic variant for the recovery of compressed
air at braking is presented in article [7], in which authors
propose to use recuperation of the compressed air to produce
electrical energy.

Paper [8] proposed for improving energy characteristics
of pneumatic actuator to use potential energy of compression
in the brake cavity, by commutating brake cavity at a spe-
cific moment with the working cavity with the help of elec-
tro-pneumatic valve. This method of braking, however, leads
to big problems in the control of such system, as it requires
conducting synchronous control of both the basic distrib-
utor, switching it into braking mode and the electro-pneu-
matic valve in charge of commutation of the working and




exhaust cavities of cylinder. Moreover, in the first case, di-
rectional control is used, and in the second — temporal. This
is an essential loss in comparison with the circuit solutions,
which would use directional control for only one distributor.
In addition, the application of pneumatic actuator in the
industry is substantially limited by the magnitude of inertia
loads for avoiding the developed oscillatory processes [9].
Circuits of pneumatic actuators with the programs of rational
control for distributing valves are more promising since they
make it possible to considerably expand the area of applying
power pneumatics towards increasing the inertia loads.

3. The aim and tasks of the study

The purpose of present work is to substantiate a possi-
bility of increasing the inertia loads with simultaneous at-
tainment of the more effective use of the working capacity of
compressed air, which will make it possible to substantially
expand the area of application of power pneumatics.

To achieve the set aim, the following tasks were to be
solved:

— to define basic components of unproductive power con-
sumption in the operation of pneumatic actuator with throttle
braking;

— to perform structural synthesis of energy-saving pneu-
matic actuator with braking of operating unit of the drive by
changing the structure of commutation relations;

—to develop a mathematical model for energy-saving
pneumatic actuator in the dimensionless form with the iso-
lation of basic criteria in dynamic similarity;

— to run, based on the obtained mathematical model, a
computer simulation of transient processes in the energy-
saving pneumatic actuators and to isolate the areas of their
rational utilization;

— to determine those parameters of pneumatic cylinder
that provide for the unconditional expediency of using the
circuit solutions proposed at the assigned load.

4. Materials and methods of research into
the energy-saving circuits of pneumatic actuators

When constructing a mathematical model for pneumatic
actuator, we used thermodynamic dependences of the body
with variable mass in the form of equations of thermal bal-
ance for the cavities of pneumatic actuator. Equations were
brought to the dimensionless form employing the procedure,
which makes it possible to reduce the number of indepen-
dent parameters to a minimum. In this case, the remaining
independent dimensionless complexes were the criteria of
dynamic similarity. This allowed us, during computer study,
to apply a small number of calculations, to cover the entire
area of pneumatic actuator existence. The equations were
brought to the Cauchy form with their subsequent numerical
integration by the stepwise Runge-Kutta method of fourth
order of accuracy.

Experimental data were read out by the oscillographing
method. To measure the pressure, we used the membrane
strain pressure sensors DD, which in conjunction with the
strain amplifier made it possible to convert pressure into the
proportional electrical signal. The calibration of sensors was
conducted on the model oil calibration press.

5. Basic results of research into structure and parameters
of the energy-saving pneumatic actuator

In order to solve the set tasks, it is necessary to imple-
ment new radical and reliable means of braking and position-
ing, capable of not only ensuring the shockless operation of
PA at large inertia load, but also of attaining effective energy
saving. Such methods of braking are the methods, based on
the change in the structure of commutation relations [10].

The proposed method of braking, which provides for
the energy-saving mode, is assessed in comparison with the
traditional method of throttle braking, which is commonly
employed (Fig. 1).

A circuit in Fig. 1 is based on the use of brake valve (po-
sitions 2, 3, 4) with a discrete change in exhaust resistance,
which is manufactured in series and is widely used in power

pneumatics.
1|
1T —m— 2
[ =,
LSIJ,
7

=

AV 4

Fig. 1. Braking of PA OU with the help of discrete brake
valve: 1 — pneumatic cylinder; 2, 5 — pneumatic distributors;
3 — adjustable throttle; 4 — non-return valve
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Fig. 2 shows result of the numerical integration in dimen-
sional form for PA, which uses a discrete brake valve. The exam-
ined PA consists of pneumatic cylinder (PC) with parameters:
D =50 mm, d, =16 mm, L=500 mm, effective to the area of feed
and discharge pneumatic lines ¢ =f; =0,3-10~ m?. Parame-
ters of load P=100 N, m=50 kg.
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Fig. 2. Transient process at braking with
the help of discrete brake valve

At such load, the realization of throttle braking leads
to the occurrence of a developed oscillating process, longer
response time, which makes it impossible to operate PA,
especially when solving a problem on the precise positioning
of operating unit.

The second essential drawback is the unproductive con-
sumption of compressed air. At the PA parameters, which
correspond to the transient process in Fig. 2, mass amount
of compressed air per one cycle M=0,0085 kg.

In the research into energy characteristics, we employed
as the consumed energy the working capacity (exergy) of



compressed air. That is, the maximum useful work, which
could be obtained from a thermodynamic system as a result
of its reversible transition into the state of mechanical and
thermal equilibrium with the environment [11]. It is demon-
strated that, if in a receiver and refrigerator of compressor
the compressed air reaches thermal equilibrium with the
environment, then specific working capacity can be deter-
mined by expression [12].

p RT,
L =RT,In b= U+==2(p, -p,). ¢

where RT, (pP - pa) / p, is the specific work of ejecting (forc-
ing), which is conventionally designated as transit working
capacity; U is the work of isothermal expansion (compres-
sion) or potential energy of compressed air; T, r, are the
parameters of compressed air in PA supply main line; R is the
gas constant; p, is the atmospheric pressure.

An analysis of all components in power consumption
revealed that the basic sources of losses in the working ca-
pacity of compressed air are:

1) losses due the incompleteness of air expansion in the
working cavity and because of mismatch between actual
expansion indicator and the ideal (isothermal);

2) losses in the dead space;

3) losses for throttling;

4) additional losses to fix OU;

5) losses, related to the work on ejecting compressed air
from the exhaust cavity.

The first source of losses in connection to the actuators
with throttle braking is because they are related to the
drives with complete filling of the working volume. In such
drives only transit working capacity of compressed air (1) is
employed — the compressed air appears to be a simple kine-
matic component, which connects the body of displacement
of compressor with the PC piston. Potential energy of com-
pression U (1) is not used practically. Furthermore, in the
actuators with throttle braking, kinetic energy of movable
elements during braking is converted into heat and is lost
irreversibly. That is why it is expedient to use the non-dis-
sipative method for damping the kinetic energy of movable
elements, which makes it possible to utilize recovery into the
power line of braking energy.

When designing PA with braking by changing the struc-
ture of commutation relations, there appears the possibility
to ensure the most rational, from the point of energy saving
and maximum performance speed, commutation relations to
each phase of OU motion, namely:

— piston fixation in late stroke is achieved with the help
of the minimally required drop in the piston pressure, coor-
dinated with the built-in load. In this case, lower pressure
corresponds to atmospheric p,, and air with the higher pres-
sure p, is selected from the output of reduction valve;

—in the acceleration phase, the working cavity, com-
mutated during fixation with atmosphere, is connected to
the main feed line (pressure p,), while the exhaust cavity,
commutated during fixation with the source of reduced pres-
sure, is connected to the atmosphere. High operation speed
is ensured due to this. In this case, the unproductive work
of air ejection from the exhaust cavity becomes minimum;

—in the braking phase, working cavity through a pre-
liminarily closed non-return valve should be connected
to the source of reduced pressure (the output of reduction
valve), while the exhaust cavity through a preliminarily

closed non-return valve is connected to the main feed line.
This enables a better realization of the working capacity of
compressed air as a result of using potential energy of com-
pression (expansion) U (1), as well as the braking energy re-
cuperation into main feed line. In this case, a constant drop
in the piston pressure is ensured at breaking (equally slowed
braking mode with the possibility to change the magnitude
of deceleration).

A diversity scheme, which reflects this algorithm, is rep-
resented in Fig. 3.
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Fig. 3. Diversity scheme of the energy-saving structure of
pneumatic actuator

The hardware realization of this scheme, based on 3/2
pneumatic distributors, is shown in Fig. 4, and the appro-
priate phases of distributor starts are described in Table 1.
When using a five-line 3-position pneumatic distributor (at
present, such distributors are available commercially in the
product lines from most manufacturers), the scheme takes a
more compact form (Fig. 5). The appropriate phases of dis-
tributor starts are described in Table 2.

In order to determine objectively the region of the most
rational utilization of the proposed methods of braking, it
is necessary to develop a mathematical model (MM) in the
dimensionless form based on the formalized method for dif-
ferential equation normalization.
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Fig. 4. Energy-saving circuit of pneumatic actuator
based on 3 /2 pneumatic distributors




Table 1

Phases of control valves motion in pneumatic distributors
that correspond to the circuit of pneumatic actuator in Fig. 4

Phases of motion T, T, R
Initial position 1 1 0

Motion to Acceleration 1 0 1
the right Braking 0 1 1
Fixation 1 1 1

Initial position 1 1 1

Motion to Acceleration 1 0 0
the left Braking 0 1 0
Fixation 1 1 0
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Fig. 5. Energy-saving circuit of pneumatic actuator
based on 5/3 pneumatic distributor

Table 2

Phases of control valves motion in pneumatic distributors
that correspond to the circuit of pneumatic actuator in Fig. 5

Situation R T, T,
Acceleration 0 1 0

To the right Braking 0 0 1
Fixation 0 0 0

Acceleration 1 1 0

To the left Braking 1 0 1
Fixation 1 0 0

Underlying this method is the principle of maximum sim-
plification in the structure of differential equations for MM
when the number of independent variables is reduced to the
minimum number of criteria of dynamic similarity [13, 14].

Basic similarity criteria:

mL
b= tFp,’
b L1Pp
B is the criterion of inertness (dimensionless mass), numer-
ically equal to the ratio of inertial force at basic accelera-
tion L/ti to the maximum force, developed by piston; x =
=P/p,F, is the parameter of static load; Q=f; Jfe s the rel-

ative effective area of exhaust circuit. Here t, = is

e

1 %p
the basic unit of time, numerically equal to the magnitude of

filling the working volume of pneumatic cylinder (PC) b
compressed air that moves at the speed of sound a, = [kR T,

through the opening, equal to the effective area f{ of feed
tract, L is the full piston stroke; F, is the piston area from the
side of rodless cavity.

A mathematical model in the dimensionless form, con-
structed on the equations of thermal balance with the appli-
cation of these principles takes the form [13]:
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In the process of numerical integration of differential equa-
tions, in addition to determining the parameters of internal
transient processes (dimensionless pressures and tempera-
tures in the PC cavities o,=p,/p, 6,=p,/p, 6,=T,/T,

6,=T,/T,) and the variables of state F,z%, &z%tb (dis-

placement and OU), we determine relative mass amount of
compressed air, consumed in the process of one operation M
and averaged over the efficiency cycle n;:

M:_T[G dv/(F, Lpp)=jcp(11)dr, 3)

where G is the mass flow rate, which enters PC; FLp, is the
mass amount of compressed air, required to fill the working
volume; @(I) is the expenditure function:
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Ratio of pressures on supply and discharge line:
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Values of pressures in the objects of commutation for the
left and right cavities of the cylinder ¢, and 6, are calcu-
lated depending on the values of function of connecting the
objects of commutation y, and y,: 6,,=y,/p;; G, =¥,/P,:
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For PA with braking in late stroke, the displacement of
specific mass from one point of space into another is a basic
function. In order to estimate the degree of energy perfection
of such PA, when computing efficiency (n,,), we considered
as useful work:

1) work to overcome the force of static resistance P-L,;

2) kinetic energy of the movable parts, averaged over cycle

%!&Zd‘t+x
n@ﬂ): T, ’ (7)
z1(ln1/ca)~J.(p(I1)dr

0

where 1 is the dimensionless time of motion of PC operat-
ing unit (OU) from one position into another; 7 is the total
response time; G, = pa/pp; z,, Z, are the corrections, which
consider a discrete change in the throughput of the feeding
and exhaust tracts at changing the structure of commutation
relations.

Thus, the averaged value of PA efficiency can be calculat-
ed in the course of a general process of numerical integration
of initial MM (1), extended due to the introduction of inte-
grated parameters y and M:

[dM -
TT=Z1R@(I1)+
1+sign(o, -0 1+si -1
+R Z&(L)%-Zﬂ(h)% . ®)
dy _&B
|dt 2

After PA completed an operation cycle and we obtained,
based on the numerical integration of system (2) and (8),
values t’, y and M, the PA efficiency, averaged over cycle,
is calculated:

y/T+x
_Y/vrx 9
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Fig. 6 shows a transient process in PA at OU braking by
changing the structure of commutation relations with the
energy-saving operation mode (Fig. 5) at the same parame-
ters of PA as for the case of throttle braking. A difference is
in the fact that the mass load is brought to m=200 kg. Feed
pressure p,=0.6 MPa, pressure of the reduction valve (RV)
setting p,=0.2 MPa.
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Fig. 6. Transient process in the pneumatic actuator that

operates according to circuit in Fig. 5

There occurred a cardinal change in the very form of
the transient process in comparison with the case of throttle
braking (Fig. 2), and it approached the optimum form when
a change in the OU speed is close to the cycloidal law. In
this case:

— operation speed sharply increased due to the opti-
mization of transient process (response time was reduced
by 2.5 times in comparison with the variant of throttle
braking);

— the transient process became non-oscillating with the
equally-retarded braking mode; moreover, the magnitude of
deceleration can be regulated by the pressure of RV setting;

—at the average and large inertia load, the regime of
effective energy saving is realized, as a result of which
consumption of compressed air under given conditions of
functioning were lowered to 0,00185 kg per one operation
(M =0,217), that is, they were reduced by 4.6 times in com-
parison with throttle braking;

—in the time interval c—d (Fig. 6), the work of com-
pressed air in the left PC cavity is carried out through the
work of expansion U (1);

— compressed air recuperation from the brake cavity into
the feed line is conducted in the time interval a—b. Curve M’
reflects consumption of the compressed air without regard
to recuperation. Curve ) corresponds to the consumption
of compressed air, considering the recuperation.

6. Discussion of results: the area for rational utilization of
energy-saving circuits and their parametric synthesis

Determining the area for rational utilization of ener-
gy-saving circuits (Fig. 4, 5) is based on the isolation of
boundaries in the space of criteria of dynamic similarity
and y (Fig. 7). The region of the most rational utilization of
energy-saving circuits is located within the range 2<B<5
and y <0,3, where it is possible to decrease the consumption
by 4 [10 times in comparison with traditional pneumatic actu-
ators with throttle braking and with the full filling of working
volume. In this case, the region of effective braking substan-
tially expands up to B=>5, that considerably overlaps the area
of applying PA with traditional throttle braking (<0.3).

A parametric synthesis of energy-saving PA includes the
following stages:

— the charts on a change in the dimensionless amount
of compressed air, consumed by PA, are built in the space of
basic criteria of dynamic similarity § and y (Fig. 7);

— the region of existence of energy-saving PA (a b ¢ d) is
isolated in the plane of basic criteria of dynamic similarity
B—x, where M&(0,25+0,1) (Fig. 8);



— based on determining the boundary values B and ¥,
passing from the dimensionless form to the dimensional, we
define the region of permissible values of the piston diameter,
which, at the assigned load, makes the use of this PA circuit
unconditionally expedient (10).

M

ST T [ o]

’ =M 0302503
08 \ —710.050,10,15% \ I
0]7 \ ’\ L \ \

BN EEA=EEE:

> i SSam
0411 < T N —
0} A [
Bl o -

i s

o e AR VAN N .
o7 =03 Jo2s 02 o1s 0.1 005

0 3 s 5B

—_
[

Fig. 7. Dependence of relative mass of consumed air M and
the averaged efficiency 1 on the criteria B and y for
the energy-saving circuits

Fig. 8. Determining the area for rational utilization of
energy-saving PA

Based on the dimensions of the area of rational utiliza-
tion (S,,.), diameter of pneumatic cylinder at the assigned
load (P, m), stroke length (L), as well as effective area of the
pneumatic feed line (ff), is found from inequalities:

(10)

In the experimental research into proposed methods
of braking, we used the long-stroke cylinder made by
SMC (Japan) with the precision stopper C92LAB50-1000P
(D,=50 mm; L.=1000 mm; d, =20 mm), put on the lathe bed.
As the loading device, we used a cart with loads, which could
move along the bed’s guides. The load on the cart could be
collected in the form of flat kettlebells with mass up to 20 kg
up to the load in 400 kg (mass of cart was 10 kg).

Fig. 9, 10 show oscillograms of the transient process, ob-
tained at loading the actuator with mass of 30 kg (medium
load) and 190 kg (large load), respectively.

The oscillograms received confirm the fact that at brak-
ing according to the proposed circuits (Fig. 4, 5) with the
help of reduction valve and non-return valve, connected to
feed line, it is possible to maintain a constant drop in the
piston pressure in the braking mode. This makes it possible
to create constant deceleration.

Fig. 9. Oscillogram of transient process for the
energy-saving circuit (Fig. 5) at rod extension (p,=0.45 MPa;
p,=0.1 MPa; x,,=x,,=0,08 m; m=30 kg, L=1000 mm)

Fig. 10. Oscillogram of transient process for the
energy-saving circuit (Fig. 5) at rod extension (p,=0.45 MPa;
p,=0.1 MPa; x,,=x,,=0,08 m; m=190 kg, L=1000 mm)

In this case, the nature of velocity change is close to the
most rational cycloidal without the signs of oscillation. This
is distinctly evident both in the oscillograms of PA with a
medium load (Fig. 9) and in the oscillograms of PA with the
large inertia load. Moreover, with an increase in the load, the
braking mode becomes more stable, which indicates a signif-
icant expansion of the area for applying pneumatics towards
large inertia loads.

The oscillograms also show the sections, which testify to
the effective use of potential expansion energy of compressed
air in the working cavity of PC, as well as recuperation into
the network of the compressed air from the brake cavity.
This is the confirmation of essential improvement in the
energy characteristics of PA.

7. Conclusions

1. The choice of criterion for evaluating the degree of
energy perfection of pneumatic actuator is performed; basic
components of unproductive power consumption are deter-
mined based on computer simulation. It is established that
they include:

— losses due to the incompleteness of air expansion in the
working cavity;

— losses in the dead space;

— losses for throttling;

— additional losses for the fixation of operating unit;

— losses, related to the work to eject compressed air from
the exhaust cavity.

2. Requirements for the energy-saving structure of pneu-
matic actuator are formulated: the use of diversity scheme,
which enables the most rational commutation relations for
each motion phase. Two energy-saving circuits are designed
with the use of commercially available pneumatic equipment.

3. A mathematical model of pneumatic actuator is con-
structed, underlying which are the thermodynamic depen-
dences of the body of variable mass. The model takes the



form of a system of differential equations in the dimensionless
form and makes it possible to analyze not only the dynamic,
but also energy characteristics. The dimensionless form of this
model allowed us to minimize the number of independent vari-
ables and to obtain criteria of dynamic similarity.

4. Computer simulation of transient processes made it
possible to solve the problem on determining the region of the
most rational utilization of the proposed circuits of pneumatic
actuators. The chosen region in the plane of criteria of dynamic
similarity, where it is possible to decrease power consumption
by 4+10 times, was used as the basis, and through the return
from the dimensionless region into dimensional, we realized
parametric synthesis of energy-saving actuator.

5. Based on the dimensions of the area of rational uti-
lization of energy-saving pneumatic actuator, we obtained
analytical expression for selecting the diameter of pneumatic
cylinder, which, at the assigned load, enables unconditional
positioning of actuator in the zone of the most effective ener-
gy saving. The structure of this expression is the inequality,
which considers the assigned load of actuator, stroke length,
as well as the effective area of pneumatic feed line.

It is demonstrated that the application of the proposed
schemes for braking of operating unit makes it possible to
increase permissible inertia loads for actuator by an order
of magnitude in comparison with the pneumatic actuators,
where traditional throttle braking is employed.
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