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Abstract

Pneumatic actuators are widely used in industry and many other applications, whereas
low energy efficiency has been recognized as a critical drawback compared with
corresponding hydraulic and electrical actuators. The paper presents a study to improve
the performance and energy efficiency of the traditional pneumatic drive with vertical
load 50N, by added air booster type IPR (Input Pressure Reduce) to the. Four supply
pressures used 2, 4, 6 and 8 bar, compared with the traditional control of the motion of
the asymmetric cylinder in which maximum energy saving obtained at 6 bar 16.7%.
Keywards: Energy saving, Conventional Pneumatic Systems and Air Booster
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INTRODUCTION

neumatic actuators can offer better alternatives to electrical or hydraulic actuators

for great many applications. Pneumatic actuators have the advantages of low cost,

high power-to-weight ratio, ease of maintenance, Cleanliness, having a readily
available; operate at high speed and cheap power source. Owing to numerous advantages,
pneumatic actuators and systems are widely applied in industrial automation for the so-
called sequential control. Energy saving in pneumatic system is divided in three parts first
reduce air consumption to minimum value as possible by reduced the losses of
components or use some device or method, second reused exhaust air by recovery the
energy with some device or method, third in servo pneumatic system applied advanced
control system to obtain accurate position in less time as possible and hence reduce in
useful air consumption of delay time.

The model of the pneumatic cylinder is nonlinear, for this, Jia. K. et [1].al and Jihong.
W. et.al [2] use a developing and energy-efficient control strategy to avoid the problem of
solving the complicated nonlinear differential equations which transfer to linear system
description which lead to poor air saving.

Khalid.A. et.al [3], Ming.H .T et.al [4], J. Gyeviki et.al [5], Vladislav et.al [6] using
sliding mode control and hybrid fuzzy sliding mode control with and without rod double
acting cylinder They proved that pneumatic servo systems can be used for the accurate
robust position control, not only for the movement between two hard stops. The
experimental results showed that proposed sliding-mode controller gives fast response
and good transient performance. Furthermore, the controlled system was robust to the
variations of the system parameters and external disturbances and they do not require
accurate modeling..

Vladislav .B. et.al [7] and Khalid .D et.al [8] reduce pressure difference between
pressure supply and active pressure line at the stroke start motion by adding bridging two
ways valve with rodless cylinder and horizontal load.

In present study air booster is used before inlet main valve and recycling exhaust air
booster at the entrance to the actuator circuit. This method leads to increase in supply air
pressure ratio 1:2 and benefit from exhaust booster to reduce air flow rate consumption.

Experimental system set-up

Figure.1 shows a pneumatic system rig in which designed and constructed at the
laboratory of Post Graduate Studies of the Department of mechanical Engineering at the
University of Technology to present the experimental work of saving energy in
pneumatic system. It consists of two important parts, such as electric and pneumatic part.
Electric part consists of PC, data acquisition and control module, amplifier and safety
module, position sensor; flow sensor and pneumatic part consists of the necessary
components for conventional pneumatic system, such as various actuators, valves, tubes
and other accessories
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Figure(1). Pneumatic experimental Rig

Pneumatic part consists of the necessary components for conventional pneumatic
system, such as double acting cylinder type of CDA1-L50-200, 5/3 way directional
control valve type, one way directional control valve type , load 50N, A Festo variable
non return throttle valve type, Non return valve type KAM-08, Pressure regulator type
Expflex AR-200, A Festo flow sensor type SFAB-200U-WQ8-25A-M12, A Festo
pressure sensor type SDE1-D10-G2-HQ4-C-P2-M8, a Festo Linear Variable Differential
Transformer (Position Sensor) type MLO-POT-225-LWG, data acquisition type NI USB-
6212, Power supply type MCH-505D, and tubes, the schematic diagram of the circuits in
which be used shown in figure 2 and 3.

Control circuit
MATLAB SIMULIK program used to control circuits in Fig.1 and 2 with 2 digital
outputs and 4 analog inputs, in which included,
1- Sequence operation of digital and analog signals.
1- On-off switch.
2- Number of strokes.
3- Strokes reset.
3- Length of stroke.
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IPR air booster

Because of its compact structure, small size, no external power supply, etc, pneumatic
booster is widely used in locally pressure boosting applications where there is a need for
a small amount of higher pressure air [9][10] . The most common booster is called input
pressure reduced (IPR) booster. The output pressure is set by adjusting the input pressure
of the driving chambers by a regulator, with the development of energy saving
technologies of the pneumatic system, the importance of booster has become more and
more obvious [11][12]. However this type of booster has its own shortages, such as its
small output flow, when the boosting ratio is higher, the shortage becomes more distinct
Furthermore.

A typical IPR booster, as shown in Fig. 4, is composed of a regulator, a piston, driving
chambers, boosting chambers, a reversing valve, and four check valves When the driving
chamber A is connected to the atmosphere through the reversing valve, part of the
compressed air charged from the primary side (the suction side, as shown in Fig. 4) flows
directly into the boosting chamber B while the remaining air flows into the driving
chamber B through the regulator and the reversing valve successively. As a result of the
regulator, the air pressure in driving chamber B will be reduced. The compressed air in
boosting chamber B and driving chamber B drives the piston to move toward the left. The
air pressure in boosting chamber A increases until the pressure is higher than that of the
secondary side Thereafter, the higher pressure compressed air is discharged from the
chamber A to the secondary side. When the piston reaches its travel destination and
impacts the rod of the reversing valve, the reversing valve changes its state, and causes
the air in the driving chamber B to flow to the atmosphere. The air charged from the
primary side flows directly into boosting chamber A and flows into the driving chamber
A through the regulator and the reversing valve. The air in the boosting chamber A and
the driving chamber A then drives the piston to move toward the right while the air
pressure in the boosting chamber B increases. Finally, the higher pressure compressed air
in the boosting chamber B is discharged to the secondary side. The booster continues to
deliver higher pressure compressed air by repeating the process discussed above [13].
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Figure(4). schematic diagram of air booster

2016



LT gV EVRAVLo R Ta A VN R PANES | mproving Energy Saving in Conventional
Pneumatic Systems by Using Air Booster
Experimentally

Theoretical analysis

Air booster model

Assumption:

1- The working fluid (air) of the system follows all ideal gas lows.

2- There is no leakage between the chambers, the area of the piston rod end is too small
to be considered, and the effective areas of all intake and exhaust ports are the same.

3- Supply temperature is equal to atmosphere temperature (i.e. T=constant).

4- The flow of air moving into and out of the chambers is a stable one dimensional flow
that is equivalent to the flow of air through the nozzle contraction.

Each chamber is considered as one control unit and the whole booster is considered as
the coordinate system, all of the chambers do not exhaust and charge air simultaneously.
According to the ratio (Pn/Py.) the flow equation for the flow through a restriction can
be written as follows [13]

m —

CA\/2P1Pb1 (%) (Pp1 — Pp2) [(2_:)% - (@)%] , i—b:>0.5283

Pp1 b

(1)

k+1
2 \k-1 Pp1
CA |kpoPs (=), T2 < 05283
Where: m mass flow rate (at any cross-section)in kg/s,

C orifice flow coefficient, dimensionless,

A cross-sectional area of the air booster orifice in m?,

p1 real air density under upstream conditions, kg/ms,

P, air upstream pressure in Pa,

P,, air downstream pressure in Pa,

po real air (total) density at total pressure P,and total temperature T,, in kg/mé?,
P, absolute upstream total pressure of the air, in Pa,

T, absolute upstream total temperature of the air in K.

Assume air density is constant=1.22kg/m®, adiabatic process k=1.4, C=0.4, A=5*10
*m®, for high pressure side Py, = pressure supply 2, 4, 6, 8 bar and for low pressure
side P,; = atmospheric pressure (1bar), the above equation is simplified to below form

= 58+107 [Py (P — P (22) - (2) ] e

Pp1
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Mass Flow Rate Model [13]

Py . Pd
Cf*Av*Cl*\/_T if ESPCT
Myy= 1 (k-1
Py Pgt P .. Pd
Gody s Coo C 1= ip s,

®3)

_ ’K 2 (K1 . _’ 2K . 2 K
Ci= E(m)’{‘l ; Co= RK-1) Pcr_(m)K_l

For air (k = 1.4) we have C; = 0.040418, C, = 0.156174, and P, = 0.528, T=300 k, C-
0.25 [14]

s T
A, =d? x i (8%1073)2 % i 5.02 * 10~°m?
34.43%107° *P, if 22<0.528
Pu

My)=
7| 13351070 x B x G071 |1 (E4yo2es if P4 5 0528
(4)

For extend stroke to calculate my,;;,, P, = P& Py=P; and m,y:, Py = P, & Py=P,
while in retract for 1, P, = P& Py=P, for i,y B, = P1& Py=P,

Cylinder Chambers Model:
For cylinder chamberl [14]

RT . .
(minain - mout‘xout) -

_ +4:P
- V01+A1x

I V01+A1x a (5)
Active length for sidel L =0.2m , active area for sidel A; =1.96*10° m?,
Inactive volume for sidel Vo, = 1.6*10°m? ambient temperature T=300 k
gas constant R=287 J/kg.k, a;,=1.4, @,y = 2 ,a = 1.2, the model is simplified to

follow form:

86100

T16+15+1.96+103 *
+1.96% 1073« P,

—-1.2 x — —(3.52
1.6*175+1.96*1073 « xx ( )

Py

x( 1.4 « min —2x mout)

In which for extend

86100 . . 1.96%1073xP; .

= in * 1.4 — *2)—1. .
Py 1.6%10~5+1.96x10~3xx (i * 1.4 = Mgy, * 2) — 1.2 16+10-5+1.96+103xx 6
And for retract
. 86100 . . 196107 3xP; .
Py 1.6+1075+1.96510 3 xx (it * 1.4 = 1oy, * 2)1.2 7o o X ()
And for cylinder chamber 2
o= RT o 4 O e 1y N
PZ - Voa+Az (L—x) (mlnam moutaout) a Voa+Az(L—X) X (8)
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Substitute active length for side 2, L =0.2 m , active area for side 1 A, =1.646*10° m*
inactive volume for sidel V,, = 1.03*10°m?, ambient temperature T=300 k, Gas constant
R=287 Jlkg.k ,a,=14, a,; =2,a = 1.2 we get

86100 . . +1.646%1073+P,
= * o= * —_
P2 1.03+175+1.646+1073(0.21x) (L4 iy = 2% Mgye) — 1.2 1.03+175+1.646+1073(0.2+x) x
- (9)
For extend
Pz =
86100 . . 1.646+103%P,
Axm;, —2 % — 1. -
1.03%107541.646%10~3(0.2—x) (L4 My = 24 Moye) — 1.2 1.03%1075+1.646%10~3(0.2—x) x
(10)
For retract
Pz =
86100 . . 1.646+103%P, .
Asxm;., —2 % . —-
1.03%107541.646%10~3(0.2—x) (L4 My = 24 Moye) + 1.2 1.03%1075+1.646%1073(0.2—x) x
(11)

Piston-Load Dynamics Model [15]

Mjé‘l‘Ff:Pl.Al_Pz.Az_Pa.Ar (12)

. 1

X =M(P1.A1—P2.A2—Pa.Ar—Ff) ...(13)
N N

Fstatic=0-67%-dbore ) denamic=0-4%-d bore e (14)

for dpore =0.05M , Faic and Fgynamic are (33.5 and 20)N respectively, Actuator cross-
sectional area side 1 A;= 1.96*10° m? Actuator cross-sectional area for side 1 A,= A;-
A,=1.96*103-0.314*10°= 1.646*10° m? , mass piston & rod & load assembly = 6.165
kg.

By neglecting atmospheric force acting on the piston rod (P,A,) the model is simplified
to follow form in start motion:

# =——(1.96+107% x P, — 1.646 x 10~ x P, — 100.5) ... (15)

F 3

"
Figure(5). air cylinder coordinate
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From Fig. 5 B.C: extend (1) L>x>0
retract (2) L>02x >0

Simulation results

Fig. 6 & Fig.7 show subsystem models of nonlinear mathematical model of the
conventional pneumatic actuator using MATLAB/SIMULINK with and without air
booster while Fig 8, 9, 10 show simulation results obtained at pressure supply 4, 6, 8 bar
respectively, due to the extend and retract air consumption drop a mean value reduces
from (1.82 to 1.3732, 3.65 to 1.794, and 4.2 to 2.313) I/min in which lead to air saving
6.75%, 19%, and 7% for pressure supply (4, 6, and 8) bar respectively..
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Figure(6). Simulation model of nonlinear mathematical model of the conventional
Pneumatic actuator without air booster
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Figure(7). Simulation model of nonlinear mathematical model of the conventional
Pneumatic actuator with air booster
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Experimental results

For a ten stroke with 200 mm stroke length and pressure supply 4 bar at constant
average velocity and ambient temperature with vertical load 50N, Fig.11 show
comparison in results obtained with and without air booster.
1- It is clear a nonlinearly of air consumption with time in comparison with the Fig.8 due
to high air compressibility inside the booster.
2-Extend and retract overshoot drop from (39.61 and 34.49) I/min to constant value in
both type is 9.763l/min while mean flow rate drop from (1.853 t01.353)l/min, this lead to
save in air consumption 6% with time increment30 second.
Air consumption is calculated from the Figure.11 a & b by multiplying mean flow rate
value with period time for one stroke then for ten strokes as follow:
Air consumption=mean value*time*10
Air consumption is determined from divided the difference in air consumption to air
consumption without saving as follow:
Air saving = difference in air consumption/air consumption without saving

20 aa 40

30 30

[N}
o

N
o

Q(I/min)
Q(I/min)

0 50 100 150
Time (s) Time (s)
Without saving With saving

Figurte(11). flow rate change with time

Fig. 12, 13, 14, 15 show comparison in results obtained by using variable pressure
supply (2, 6, 4 and 8) bar, its note that at low pressure value there is no extend and retract
overshoot and increases with pressure, saving in air consumption for (2, 4, 6, and 8) bar
are 7.6%, 6%, 16.7%, and 2% respectively at expense time (36, 35, 25 and 7) second. Its
noted that more efficient occur at moderate pressure (6 bar) because of when the air
supply pressure are set at 6 bar the output flow of the air booster ascends stably with
increase of the terminal pressure of the air in the driving chamber of the booster.
Comparison Results
Table.1 shows a difference between the theoretical and experimental results due to high
air compressibility, neglecting friction effects and some assumptions and approximation
used to simplify the solution.
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Table .(1) comparison results

Pressure supply(bar) 4 6 8

CPS wath Dooster Theoretical ] 6.75 | 19 | 7
AlIr saving % Experimental || 6 16.7 |2

Difference 0.75 2.3 5
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Figure(12) air consumption saving (2 bar)
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Figure(13) air consumption saving (4 bar)
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Electrical cost saving
Table.2 illustrates saving in electric cost in one year by using air booster for 16 hour
operation in one day, one kilowatt to produce air in 6 bar [16].

Table (2) electrical cost saving

Energy needed to produce | 1kW*16 h = 16kWh

compressed air in 1 day at 6 bar

Cost of electricity £0.045/kWh

Hours of operation in 1 year Two shifts, 5 days per week, 4160 h per year
Energy cost of 1 year £0.045*4160 = £187.2

One year cost saving £187.2*16.7 = £3126

Conclusion

The paper presents an experimental model for energy efficient examination of
conventional pneumatic system. Architecture of experimental model for energy
efficiency examination is a modular with the possibility of flexible adjustment for
measurement of compressed air consumption (flow) at various linear and rotary or swivel
pneumatic actuators. One of the main purposes of experimental model is to provide
energy efficiency using air booster. This is the result of increase pressure in booster
chamber in ratio 1:2 and recycling exhaust air chamber in to cylinder.
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