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Abstract

:

Since pneumatic systems are widely used in various branches of industry, the need to find ways to reduce energy consumption in these systems has become very pressing. The reduction in energy consumption in these systems is reflected in the reduction of compressed air consumption. The paper presents a cylinder control system with a piston rod on one side, in which the reduction in energy consumption is ensured by using different levels of supply pressure in the working and the return stroke, and by holding the cylinder piston rod in its final positions with a clamping cartridge. Clamping and holding the piston rod in its final position further affects the reduction in energy consumption. Experimental data show that the application of the proposed control leads to a decrease in compressed air consumption of 25.54% to 32.97%, depending on the compressed air pressure used in the return stroke. The cost-effectiveness of the proposed cylinder control with different levels of compressed air pressure and holding the final position by clamping cartridge is presented.
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1. Introduction


Together with pneumatic actuators, pneumatic systems are widely used in numerous industrial applications. These systems use compressed air in their operation, such air being usually produced by electrical energy that drives a compressor. The electricity costs for compressed air production can constitute up to 20% of the entire electricity costs in an industry [1]. This is one of the most important reasons behind the search for ways to save energy when using pneumatic systems.



Numerous authors have dealt with the problem of energy efficiency of pneumatic systems and especially reduction of compressed air consumption. Al-Dakkan et al. [2] presented a method of energy saving in the context of a servo-controlled pneumatic actuator. Yang et al. [3,4] proposed a new booster valve with energy recovery for improving the energy efficiency of a pneumatic actuator system. Luciano et al. [5] introduced an alternative scheme with a fast switching on/off valve interconnecting the cylinder chambers, for reducing the consumption of compressed air in pneumatic positioning systems with external loads. Joshua et al. [6] introduced a pneumatic strain energy accumulator for recycling exhaust air from one pneumatic component, storing it in a highly efficient process and reusing the stored exhaust air at a constant pressure to power another pneumatic component. Wang et al. [7] used exergy-related analysis for evaluating the efficiency of pneumatic systems. Shen et al. [8] and Yang et al. [9] proposed an energy saving approach by supplementing a standard spool valve-controlled pneumatic actuator with an additional two-way valve that enables flow between the cylinder chambers. Seslija et al. [10] introduced the application of pulse-width modulation and by-pass chamber control of the pneumatic rodless cylinder. Bartyś et al. [11] proposed three practical measures of electro-pneumatic control quality, namely: variability, mean time, and cumulative effort. These measures are very useful in enabling optimization of positioner controller settings with respect to the controller effort and improving the energy efficiency of pneumatic systems. Kanno et al. [12] developed a three-port poppet-type servo valve to reduce air leakage and to improve the energy efficiency of the whole pneumatic system. Many authors wereimproving the energy efficiency in the driven actuator and making the circuit more complex, such as using dual pressure supply, utilizing expansion energy [13], recovering energy with a rubber bladder and storing the strain energy [14], or reusing exhaust air for power generation [15]. In addition, reusing exhaust air as input to the drive chamber of the cylinder led to velocity fluctuations [16]. Nehler T. [17] reviewed the existing base of scientific knowledge on energy efficiency in compressed air systems and suggested that energy efficiency measures in compressed air systems and related non-energy benefits should be studied on a specific measure level to fully understand and acknowledge their effects on the energy use of a compressed air system and possible additional effects, i.e., non-energy benefits.



All of the previous papers dealt with the problem of increasing the energy efficiency of pneumatic systems in various ways. Some of them proposed new booster valves [3,4]. Others reused exhaust air from one pneumatic component to the same component [5,8,9,10,15,16] or another component [6,15]. There were papers that proposed a new algorithm of control [2], optimization of positioner controller settings [11], and reducing air leakage to improve the energy efficiency of the whole pneumatic system [12].



This paper deals with the problem of decreasing compressed air consumption in executive pneumatic systems in a new way. The goal of this paper is to develop a new pneumatic system that uses various levels of compressed air in the working and the return cylinder stroke as well as keeps the cylinder piston rod at rest in final positions by a clamping cartridge, during which the supply to the cylinder chambers is cut off. The proposed pneumatic system, with various levels of compressed air supply and clamping cartridge, enables the reduction of compressed air consumption and at the same time an increase in the energy efficiency of the whole pneumatic system. If a lower compressed air pressure is used to supply the cylinder chambers, the compressed air consumption will be reduced. The proposed cylinder control system is presented in Section 2. In addition to the fact that using lower compressed air in the return cylinder stroke enables the reduction of compressed air consumption, it also leads to a decrease in the velocity of cylinder piston movement, which is explained and discussed in Section 3 and Section 4. In Section 4.1, the cost-effectiveness of the proposed system is discussed.




2. Cylinder Control System with Different Levels of Compressed Air Pressure and Holding the Final Position by Clamping Cartridge


The most often used executive part in conventional pneumatic systems comprises various double-acting pneumatic cylinders and a supply valve, and the same level of compressed air pressure Ps is used both in the working and in the return stroke of the cylinder. Figure 1 shows a typical pneumatic executive system with an actuator in the form of a double-acting cylinder with a piston rod on one side marked 1.0, and a 5/2-way monostable valve with electrical activation signal y marked 1.1.



A pneumatic executive control system with different levels of compressed air pressure and holding the final position (Figure 1b) enables a reduction in compressed air consumption.



In the return stroke of the cylinder, it is possible to carry out the process using a lower level of air pressure and reduce consumption of compressed air. A pneumatic executive system that enables the use of different levels of compressed air pressure in the working and the return stroke of the cylinder requires the substitution of a common supply valve with two valves that allow for an independent supply of different levels of compressed air pressure to the cylinder chambers. In the present case, this is done by substituting a 5/2-way valve marked 1.1 in Figure 1a with two 3/2-way valves marked 1.1 and 1.2 in Figure 1b. The y+ and y- signals are the signals of the activation of valves 1.1 and 1.2, respectively, which serve to supply the cylinder chambers with an appropriate compressed air pressure. The simultaneous activation of y+ and y- signals is forbidden and it is called “prohibited state”. In Figure 1b, when the cylinder piston moves right, which represents the working stroke, valve 1.1 is activated and supplies the left cylinder chamber with a higher-pressure Ps+. In the return stroke, valve 1.2 is activated and the return stroke is performed, i.e., the cylinder piston moves to the left at a lower pressure Ps−. It is a well-known fact that as a cylinder moves, the level of pressure in its chamber falls below the level of supply, and the pressure rises to the maximum only at the end of the stroke, when the cylinder reaches its final position. This fact can be used to further reduce compressed air consumption by stopping the cylinder chamber’s supply at the end of the stroke and keeping the cylinder in its final position. This will prevent the rise of pressure in the cylinder chambers to its maximum. To do this, it is necessary to add cylinder clamping cartridges to the pneumatic executive system. The clamping cartridge 2.0 is executed in such a way that it releases the cylinder 1.0 only when compressed air is supplied to it, Figure 1b. To supply this clamping cartridge, the 3/2-way valve marked 2.1 is used, Figure 1b. The level of compressed air Psk for the supply of the clamping cartridge is equal to the level of the pressure necessary for the working stroke of the Ps+ cylinder. This is done to ensure that the cylinder is kept in its final position in a proper and safe manner. The detection of final positions of the cylinder is enabled by the limited sensors x1 for the drawn-in and x2 for the drawn-out position. In the working stroke, the cylinder is supplied with the Ps+ pressure, while the lower Ps− pressure is used in the return stroke.



A Mathematical Model of Cylinder Control with Different Levels of Compressed Air Pressure and Holding the Final Position by Clamping Cartridge


The mathematical model of the cylinder control system with different levels of compressed air pressure and holding the final position consists of the dynamic model of the cylinder, the model of pressure change in the cylinder chambers, and the model of flow change in the supply valve.



The dynamic model of the cylinder is Equation (1),


   (   M L  +  M P   )   x ¨  + β  x ˙  +  F f  +  F L  =  P 1   A 1  −  P 2   A 2  ,  



(1)




where ML is the mass of the external parts connected to the cylinder, MP the mass of the cylinder piston and the piston rod, x the position of the piston, β the coefficient of viscous friction, Ff the Coulomb friction force, FL the external force, P1 and P2 the absolute pressures in the cylinder chambers with their maximums being Ps+ or Ps−, depending on the level of compressed air used to supply the cylinder chambers, and A1 and A2 the effective surface areas of the piston and the piston rod chamber of the cylinder.



The righthand side of Equation (1) represents the cylinder active force, produced by the pressure differential acting across the cylinder piston. The existence of this force results in the displacement of the cylinder piston and the piston rod to the one or the other side. This active force directly influences the velocity of cylinder piston movement. If the lower compressed air pressure is used to supply the cylinder chambers, the active force will be lower, and the cylinder piston movement will be slower.



The equation that describes the model of the pressure change in the pneumatic cylinder chambers is Equation (2),


    P ˙  i  =   R T    V  0 i   +  A i   (   1 2  L ± x  )     (   α  i n     m ˙   i n   −  α  o u t     m ˙   o u t    )  ∓ α    P i   A i     V  0 i   +  A i   (   1 2  L ± x  )     x ˙  ,   i = 1 , 2 ,  



(2)




where R is the ideal gas constant, T the temperature,     m ˙   i n     and     m ˙   o u t     the intake and exhaust mass flows from the cylinder chamber, respectively, V0i the inactive cylinder volumes, L the cylinder stroke length, and α αin, αout, the thermal coefficients. For the process of filling the chambers with compressed air, αin = κ = 1.4, while αout = 1 for the emptying process [17]. The thermal characteristics of the processes taking place while the piston is moving are better described if one understands that α = 1.2 [17]. Due to simplicity, the heat transfer losses have not been considered for the calculation of the gas temperature.



Because of simplicity, it is assumed that the length of the lines between the cylinder and the 3/2-way supply valves is not long, so that the intake and exhaust mass flows from the cylinder chambers depend only on the flow through the valve openings, as presented in Equation (3),


    m ˙  v  =  {       c f   A v   C 1     P u     T                          z a      P d     P u    ≤  p  c r   ,        c f   A v   C 2     P u     T       (     P d     P u     )     1 κ      1 −    (     P d     P u     )      κ − 1  κ            z a      P d     P u    >  p  c r   ,       ,     v = i n , o u t ,  



(3)




where cf is the non-dimensional emptying coefficient, and Pu and Pd the upstream and the downstream pressure, respectively. The value Av represents the surface area of the 3/2-way supply valve opening, and it can have the value of Av = Avsgn(Uv), where Uv is the voltage of the 3/2-way valve activation.



The values C1, C2 and Pcr, in Equation (3), are constants that depend on the fluid, in this case air (κ = 1.4) [17],


     C 1  =    κ R     (   2  κ + 1    )      κ + 1   κ − 1       = 0.040418 ,    C 2  =     2 κ   R ( κ − 1 )     = 0.156174 ,                      p  c r   =   (   2  κ + 1    )    κ  κ − 1     = 0.528.    



(4)







The unit that holds the cylinder in its final position also consumes a certain amount of compressed air. Since it represents a single-acting cylinder with a spring-operated return stroke (Figure 1b), the stroke and the dimensions of its work chamber are small; thus, the air consumption is not significant, because the chamber is supplied with the appropriate amount of compressed air very quickly, releasing the cylinder. The volume of the by clamping cartridge work chamber is much smaller than the volumes of the work chambers of the cylinder itself. The cylinder is held again by simply cutting off the supply of the by clamping cartridge.



Equation (3) shows that the mass flow of compressed air and its consumption are influenced, among other things, by the upper pressure Pu that can be maximally equal to Ps+. If a lower supply pressure is used as Pu, Ps− < Ps+, both the mass flow and the consumption decrease, and it also leads to a decrease in the velocity of cylinder piston movement.



The value of the lower supply pressure must be sufficient to exert the appropriate force in the cylinder to return it to the initial position. The asterisk in Figure 2 shows the reduction in the level of compressed air flow when different levels of supply pressure are used, which directly impacts the increase in energy efficiency.



Equation (2) provides the conclusion that the pressure in the cylinder chambers increases up to the maximum value, i.e., the value of the supply pressure, only after reaching the final position. If the supply is cut off at the end of the cylinder stroke and the cylinder is held in its final position, this directly affects the reduction in air consumption, since the pressure in the work chamber is prevented from reaching its maximal value, as shown by the hatched area in Figure 2.





3. Results


To present the advantage of using the cylinder control system with different levels of compressed air pressure in the working and the return stroke, as well as the advantage of holding the cylinder piston in its final position, experiments were performed with universal cylinders with a piston rod on one side, manufactured by FESTO, with different piston diameters of 32, 40, 63, 80, 100 and 125 mm, and a 250 mm stroke. For each of the cylinders, 10 measurements were performed. This was done to measure the savings in compressed air consumption by using the proposed cylinder control with different chamber volumes. Two sets of measurements were performed.



Firstly, compressed air consumption measurements were performed at the supply pressure of 600 kPa, on cylinders supplied by a 5/2-way valve, Figure 1a. This is a common cylinder—supply valve link. The average air consumption results, with relative error 1.2%, are shown in Table 1.



Based on these compressed air consumption results, the savings during other measurements were calculated.



The second set of measurements was performed with the supply pressure Ps+ set at 600 kPa in the working stroke and the lower pressures Ps− at 500, 400 and 300 kPa in the return stroke of the cylinder, Figure 1b. The supply pressure of the cylinder with the clamping cartridge was equal to the supply pressure of the cylinder in the working stroke, i.e., Psk = Ps+ = 600 kPa. Compressed air consumption of the by clamping cartridge depended on the diameter of the used cylinder, i.e., the diameter of the piston rod that was supposed to be held, and it ranged from 0.02 L for the 32 mm piston diameter, up to 0.9 L for the 125 mm piston diameter. The specific components used in these measurements are shown in Figure 1b.



The average air consumption results, with relative error 1.2%, are shown in Table 2.



As was explained in the previous section, if the lower compressed air pressure is used to supply the cylinder chambers, the active force will be lower, and the cylinder piston movement will be slower. The diagrams in Figure 3, Figure 4 and Figure 5 show the experimental results of dependences of velocity of cylinder piston movement on compressed air pressure in the return stroke.




4. Discussion


Based on the obtained results of the compressed air consumption measurements from Table 1 and Table 2, a reduction in compressed air consumption can be observed when lower supply pressure is used in the return stroke and when the cylinder is held by a clamping cartridge in accordance with Figure 1b.



Table 3 shows the possible compressed air savings that could be obtained by using different levels of supply pressures in the working and the return stroke, when the unit for holding the cylinder in its final position is used. From Table 3, it can observed that the average savings in compressed air consumption when lower supply pressures are used in the return stroke, and with the use of a clamping cartridge for holding the cylinder in its final positions, are as follows: 25.91% when Ps− = 500 kPa, 29.33% when Ps− = 400 kPa, and 32.7% when Ps− = 300 kPa.



Based on the above, and from the perspective of energy savings, it can be concluded that the lower the supply pressure used in the return stroke, the better. This claim has its limitations in the sense that when lower pressures are applied in the return stroke, the stroke itself, i.e., the return of the cylinder to its initial position, slows down, meaning that more time is needed for it to be fully performed. The velocity of cylinder piston movement in the return stroke directly depends on compressed air pressure, Figure 3, Figure 4 and Figure 5. If the velocity of cylinder piston movement is slower, then the duration of movement is longer. The duration of cylinder piston movement in the return stroke, depending on compressed air pressure, is shown in Table 4. The pressure in the return stroke can be lowered, but it needs to remain sufficiently high to ensure the movement of the cylinder.



4.1. Cost-Effectiveness


In order to apply the cylinder control system with different levels of compressed air pressure and holding the final position, it is necessary to replace the 5/2-way monostable valve, Figure 1a, with three 3/2-way monostable valves and to install a clamping cartridge, Figure 1b.



The cost-effectiveness of the proposed control is based on the price of FESTO company products for clamping cartridges with designation KP, AZ PNEUMATICA company products for valves, and a cost of compressed air of 0.022 €/m3. The return of investment period (RIP) depends on the saving (%) accomplished by the proposed control and the number of cylinder working cycles per year, or cycle duration. If the cycle duration is shorter, the number of cylinder working cycles per year is higher, when the cylinder works all the time. According to previous assumptions, the number of cylinder working cycles per year (NCWCY) is NCWCY = (52 weeks × 5 days × 2 shifts × 8 h × 60 min × 60 s)/tc, where tc is cycle duration in seconds. Prices of additional components for holding the cylinder in final positions range from €357.60 to €1746.80, and prices for valves range from €26.50 to €46.90, depending on cylinder dimensions.



The diagrams in Figure 6, Figure 7 and Figure 8 show the RIP, depending on the cycle duration and return stroke pressure of the cylinder.



The cost-effectiveness limit (CEL) of five years shows the value of cost-effective cycle duration for different cylinders and return stroke pressures. If the RIP is less than CEL, the cycle duration is cost-effective for implementing the proposed cylinder control with clamping cartridge and different levels of compressed air pressure. For pneumatic cylinders with larger chamber volume, cost-effective cycle duration is even longer.





5. Conclusions


The control system of a double-acting cylinder with a piston rod on one side using different pressure levels of compressed air in the working and the return stroke, and with the clamping cartridge for holding the cylinder piston rod in its final positions, shows good characteristics and ensures savings. Savings in compressed air consumption in the proposed system range from 25.54% to 32.97%, depending on the air pressure used in the return stroke. The average savings in compressed air consumption for different cylinders are as follows: 25.91% when Ps− = 500 kPa, 29.33% when Ps− = 400 kPa, and 32.7% when Ps− = 300 kPa. One of the shortcomings of such a system is that a lower cylinder supply pressure in the return stroke leads to a reduced speed of movement of the cylinder piston, which slightly extends the return time and whole cycle duration. With the extension of the cycle duration, the cost-effectiveness of the proposed control decreases, and the RIP becomes higher than five years, regardless of the energy savings in compressed air consumption.
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Figure 1. A pneumatic executive system: (a) typical; (b) with different levels of compressed air pressure and holding the cylinder piston rod in its final position. 
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Figure 2. Compressed air flow when a supply pressure of 600 kPa is used in the working stroke and 300 kPa in the return stroke. 
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Figure 3. Velocity of cylinder piston movement. Diameter of cylinder: (a) 32 mm; (b) 40 mm. 
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Figure 4. Velocity of cylinder piston movement. Diameter of cylinder: (a) 63 mm; (b) 80 mm. 
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Figure 5. Velocity of cylinder piston movement. Diameter of cylinder: (a) 100 mm; (b) 125 mm. 
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Figure 6. Return of investment period (RIP) with return stroke pressure of 500 kPa. 
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Figure 7. Return of investment period (RIP) with return stroke pressure of 400 kPa. 
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Figure 8. Return of investment period (RIP) with return stroke pressure of 300 kPa. 
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Table 1. Air consumption results for the system in Figure 1a.
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	Piston Diameter (mm)
	Compressed Air Consumption (l)





	32
	3.58



	40
	4.64



	63
	10.65



	80
	18.86



	100
	29.48



	125
	45.77
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Table 2. Air consumption results for the system in Figure 1b.
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	Piston Diameter (mm)
	Compressed Air Consumption with Return Stroke Pressure of 500 kPa (l)
	Compressed Air Consumption with Return Stroke Pressure of 400 kPa (l)
	Compressed Air Consumption with Return Stroke Pressure of 300 kPa (l)





	32
	2.64
	2.52
	2.4



	40
	3.43
	3.27
	3.11



	63
	7.87
	7.47
	7.14



	80
	14.03
	13.48
	12.76



	100
	21.95
	20.82
	19.91



	125
	33.92
	32.45
	30.9
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Table 3. The savings in compressed air consumption after second set of measurements.
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	Piston Diameter (mm)
	Compressed Air Consumption with Return Stroke Pressure of 500 kPa (l)
	Compressed Air Consumption with Return Stroke Pressure of 400 kPa (l)
	Compressed Air Consumption with Return Stroke Pressure of 300 kPa (l)





	32
	26.26
	29.61
	32.96



	40
	26.08
	29.53
	32.97



	63
	26.1
	29.86
	32.96



	80
	25.61
	28.53
	32.34



	100
	25.54
	29.38
	32.46



	125
	25.89
	29.1
	32.49
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Table 4. The duration of cylinder piston movement in the return stroke.
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	Piston Diameter (mm)
	Duration of Movement with Return Stroke Pressure of 600 kPa (s)
	Duration of Movement with Return Stroke Pressure of 500 kPa (s)
	Duration of Movement with Return Stroke Pressure of 400 kPa (s)
	Duration of Movement with Return Stroke Pressure of 300 kPa (s)





	32
	0.3
	0.3
	0.4
	0.4



	40
	0.4
	0.4
	0.5
	0.6



	63
	0.6
	0.7
	0.8
	1



	80
	0.8
	0.9
	1.1
	1.4



	100
	1
	1.1
	1.4
	1.8



	125
	1.4
	1.6
	1.9
	2.6











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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