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Preface Hydraulics is the study of the flow characteristics of fluids. This manual places emphasis on the generation of forces and motion with the help of fluids. Hydraulic fluid is the transmission medium in the field of hydraulics. Hydraulics and electro-hydraulics are successfully used in many areas of industrial automation. For example, woodworking machines, machine tools, processing systems, presses, plastics processing machines and conveyor systems are operated all over the world with electro-hydraulic control systems. Electro-hydraulic control systems are used for many applications in the field of mobile hydraulics as well, for instance in farm vehicles, road construction vehicles and municipal vehicles. As an introduction to this subject matter, this manual first of all examines the design and function of the components which are used to set up hydraulic and electro-hydraulic control systems. The following chapters describe operating sequences, the layout of circuit diagrams and safety measures. Changing requirements and technical developments have dramatically altered the appearance of control systems. The keywords “bus networking” and “proportional hydraulics” are mentioned here to mention just two examples. Close-knit interaction of fluid engineering with microelectronics, sensor technology and information technology results in numerous innovations in the field of oil-hydraulic drives and control systems. We invite readers of this manual to send us tips, feedback and suggestions for improvement. Please send your comments and suggestions to [email protected], or to Festo Didactic GmbH & Co. KG, P.O. Box 10 07 10, D-73707 Esslingen, Germany.



The authors
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1 The functions of a hydraulic system 1.1 Hydraulics – what does it mean? Hydraulic systems are used in modern production facilities and manufacturing equipment. Hydraulics is understood as the generation of force and motion with the help of hydraulic fluid. The hydraulic fluid is the energy transmission medium.



The importance of hydraulics in automation technology is a reflection of its diverse range of applications. Basically, we differentiate between: x Stationary hydraulics x Mobile hydraulics As opposed to stationary hydraulics, which is permanently installed at a given location, mobile hydraulics travels on wheels or treads. One of the characteristic features of mobile hydraulics is that the valves are frequently directly actuated by hand. In contrast, solenoid valves are used primarily for stationary hydraulics. Hydraulics are also used in shipbuilding, mining and aviation technology. Aviation hydraulics plays a special role, because safety is of utmost important in this area. In order to illustrate the various functions which can be fulfilled by hydraulics, a number of typical applications are included as examples in the following pages.



1.2 Stationary hydraulics The following fields of application are significant in the area of stationary hydraulics: • Manufacturing and assembly machines • Injection moulding machines • Transfer lines • Mill trains • Hoists and conveyors • Lifts • Presses A typical area of application is machine tool manufacturing.
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1 The functions of a hydraulic system



Figure 1.1: Lathe, press with overhead tank



Tools and workpieces are hydraulically clamped in modern CNC machine tools. Feed units and spindle drives may also be designed with hydraulic technology.



1.3 Mobile hydraulics Fields of application for mobile hydraulics include: x Construction machines x Dump trucks, gripper arms, loading platforms x Hoists and conveyors x Farm machinery Hydraulics is used for many applications in the field of construction machinery. In the case of the excavator, for example, travelling motion, as well as all working motion such as lifting, gripping, swivelling etc., is powered by means of hydraulics. Working motion which is executed in straight lines is generated by linear drives (cylinders), and rotary motion is executed by means of rotary drives (motors, semi-rotary drives).
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1 The functions of a hydraulic system



Figure 1.2: Mobile hydraulics, excavator



1.4 Attributes of hydraulics Advantages of hydraulics



Disadvantage of hydraulics



Transmission of great forces through the use of small components, i.e. high power density



Environmental contamination due to oil leaks (fire hazard, danger of accident)



Accurate positioning



Susceptible to contamination



Start-up from standstill under maximum load



Danger due to high pressure (cutting jet)



Gentle work and reversing



Temperature sensitive (viscosity changes)



Good controllability and adjustability



Unfavourable degree of efficiency



Favourable heat dissipation Uniform, load-independent motion, because fluids are hardly compressible at all



Table 1.1: Hydraulics – advantages and disadvantages



There are other technologies in addition to hydraulics, by means of which forces, motion and signals can be generated in the field of control technology: x Mechanical x Electrical x Pneumatic
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1 The functions of a hydraulic system



The fact that each technology has its own preferred range of applications must be taken into consideration. A comparison of typical data for the three most widely used technologies – electrical, pneumatic and hydraulic – is provided in Table 1.2. Electrical



Hydraulic



Pneumatic



Leakage



—



Contamination



No disadvantages except loss of energy



Environmental influences



Danger of explosion in certain area, temperature sensitive



Susceptible to temperature



Explosion-proof, temperature sensitive



Difficult, only in small



Limited, with the help of gases



Lightweight



Energy storage



fluctuation, fire hazard in the event of leakage



quantities with batteries Energy transmission



Unlimited, with loss of energy



Up to 100 m flow velocity v = 2 to 6 m/s



Up to 1000 m flow velocity v = 20 to 40 m/s



Operating speed



—



v = 0.5 m/s



v = 1.5 m/s



Energy costs



Minimal



High



Very high



Linear motion



Difficult and expensive, small



Easily accomplished with



Easily accomplished with



forces, speed can only be controlled at great expense



cylinders, good controllability of speed, very high forces



cylinders, limited forces, speed is very load-dependent



Rotary motion



Easy and powerful



Easy, high torque values, low rotational speeds



Easy, not very powerful, high rotational speeds



Positioning accuracy



Accuracies of down to



Depending on how much is



Accuracies of down to ±0.1 mm



±0.05 mm and better can be achieved



invested, accuracies of down to



are possible without load reversals



Very good values can be



Good because oil can hardly be compressed at all



Poor because air is compressible



Not overload-proof, poor



Overload-proof, very high



Overload-proof, force limited by



degree of efficiency due to



forces can be generated with



compressed air and cylinder



downstream mechanical



high system pressures of up to



elements, very high forces can be achieved



600 bar (F < 3000 kN)



diameter (F < 30 kN to 6 bar)



Rigidity



achieved thanks to



±0.05 mm and better can be achieved



intermediate mechanical elements Forces



Table 1.2: Comparison, electrical – hydraulic – pneumatic
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2 Physical fundamentals of hydraulics 2.1 Pressure Hydraulics is the study of forces and motion which can be transmitted by mean of fluids. It is a subdivision of the field of hydromechanics. In the field of hydromechanics we differentiate between: x Hydrostatics – action of force as pressure times surface area, and x Hydrodynamics – action of force as mass times acceleration Hydromechanics



Hydrostatics



A



s



F



Hydrodynamics



p



Figure 2.1: Hydromechanics



Hydrostatic pressure is understood as the pressure which occurs within a fluid due to the weight of the fluid’s mass over a given height: ps



h˜U˜ g



ps hydrostatic pressure (pressure due to the force of gravity) [Pa], h height of the liquid column [m], ȡ density of the fluid [kg/m3], g gravity acceleration [m/s2] In accordance with the International System of Units (SI), static pressure is indicated in Pascal and bar. Metres is the unit of measure used for specifying the height of the liquid column, kilograms per cubic metre for the fluid’s density and metres per second squared for gravity acceleration. Hydrostatic pressure, or pressure for short, is independent of the shape of the container. It only depends on the height of the liquid column and the density of the fluid.
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2 Physical fundamentals of hydraulics



Tower h = 300 m



Reservoir h = 15 m



U = 1000 kg/m3 g = 9.81 m/s2 | 10 m/s2



U = 1000 kg/m3 g = 9.81 m/s2 | 10 m/s2



ps



h˜U˜ g



ps



ps = 300 m ˜ 1000



ps = 3.000.000 ps = 3.000.000



kg m3



˜ 10



m2 kg m3 s2 N



m s2



Overhead tank h=5m ȡ = 1000 kg/m3 g = 9.81 m/s2 | 10 m/s2



h˜U˜ g



ps



ps = 15 m ˜ 1000



ps = 150.000 ps = 150.000



kg m3



˜ 10



m2 kg m3 s2 N m2



m s2



h ˜U ˜ g



ps = 5 m ˜ 1000



ps = 50.000 ps = 50.000



kg m3



˜ 10



m s2



m2 kg m3 s2 N



m2 ps = 3.000.000 Pa = 3 MPa



m2



ps = 150.000 Pa = 1.5 kPa



ps = 50.000 Pa = 0.5 kPa



( ps = 30 bar)



( ps = 1.5 bar)



( ps = 0.5 bar)



All bodies exert a certain amount of pressure p onto the surfaces by which they are supported. The amount of this pressure depends on weight force F of the body and the size of the surface A upon which this weight force acts.



F F



A1



A2



Figure 2.2: Force and surface area
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2 Physical fundamentals of hydraulics



Two bodies with different surfaces areas at the bottom (A1 und A2) are shown in Figure 2.2. If both bodies are of equal mass, they exert the same weight force F onto their supporting surfaces, but pressure varies due to their different bottom surface areas. In the case of a smaller surface area, more pressure occurs than with a large surface area, assuming an identical weight force (pencil effect). This relationship is expressed by means of the following formula:



p



F A



p pressure [Pa], F force [N], A surface area [m2] Rewriting this formula results in the formulas for calculating force and surface area. Note



The bar is generally used as the unit of measure for pressure in the field of hydraulics due to the large magnitude of the pressures which prevail. According to the International System of Units (SI), the only units of measure which should be used for pressure are the Pascal and, conditionally, the bar.



Example



A platform lift needs to raise a load of 15.000 N and has a system pressure of 75 bar. How large does surface area A of the piston have to be? Given: F = 15,000 N p = 75 bar = 7.5 MPa



A



F p



15.000 N = 0.002 m2 = 20 cm2 7.5 MPa



A diagram can be used instead of a calculation. Stiction in the cylinder is not taken into account. Example Given: force F = 100 kN operating pressure p = 350 bar



How large does the piston’s diameter have to be (see Figure 2.3)? Taken from the diagram: d = 60 mm
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2 Physical fundamentals of hydraulics



1000 350 bar



kN



300 bar



F



600



200 bar



400 300



160 bar 125 bar 100 bar



200



80 bar



150 50 bar 100 80 60 40 30 20 15 10 8 6 4 3 2.5 10



15 20 25 30 40



60 80 100



150 200



mm 400



dPiston



Figure 2.3: Diagram for determining piston diameter



2.2 Pressure transmission If force F1 acts upon an enclosed fluid over surface area A1, pressure p occurs and is transmitted equally in



all directions throughout the fluid (Pascal’s law). Pressure is identical everywhere within the closed system (see Figure 2.4). Due to the high levels of pressure used to operate hydraulic systems, hydrostatic pressure can be ignored. For this reason, only pressure resulting from external forces is taken into account when calculating pressure in fluids. And thus the same pressure acts upon surfaces A2, A3, A4 and A5 as is also the case for A1. This F . pressure value is determined with the following formula: p A
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2 Physical fundamentals of hydraulics



F1



Example Given: A1 =10 cm2 = 0.001 m2 F1 = 10.000 N



A1



F2



A5



A2 100 bar



F5



p



F1 A1



10.000 N 0, 001 m2



10.000.000



N m2



p 100 ˜105 Pa = 100 bar



A3



A4



F3



F4



Figure 2.4: Pressure transmission



2.3 Force transmission F2 F1



A1 p1 A2 p2



Figure 2.5: Force transmission



Pressure is identical everywhere within the closed system, regardless of the container’s shape. If a container is set up as shown in Figure 2.5, force can be transmitted. Hydraulic pressure (pressure in the fluid) can be described by means of the following equation:



p1



F1 and p2 A1



F2 A2
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2 Physical fundamentals of hydraulics



The following applies to the state of the system when it’s in equilibrium: p1 F by equating the two equations: 1 A1



p2 . The following is obtained



F2 . A2



This allows us to deduce individual magnitudes F1 and F2, as well as A1 and A2, for our calculations. For example, the following applies to F1 or A2: F1



A1 ˜ F2 or A2 A2



A1 ˜ F2 F1



Small forces generated with the pressure piston can be used to generate greater forces by enlarging the piston’s working surface. This is the fundamental principle which is taken advantage of for all hydraulic systems, from car jacks to platform lifts. Force F1 must be large enough for hydraulic pressure to overcome the resistance exerted by the load.



2.4 Displacement ratio F2



If load F2 needs to be raised a distance of s2 by means of the above described principle, piston 1 must displace a given amount of fluid, which raises piston 2 by a distance of s2.



Piston 1



s1



Piston 2



s2



A1



F1



The required displacement volume is calculated as follows:



A2



V1



s1 ˜ A1 and V2



s2 ˜ A2



Figure 2.6: Displacement ratio



Due to the fact that the displacement volumes are identical (V1 = V2), the following equation results: s1 ˜ A1 s2 ˜ A2 . This means that distance s1 has to be greater than distance s2, because surface area A1 is smaller than surface area A2. Piston travel is in inverse proportion to its surface area. This allows us to deduce individual magnitudes s1 and s2, as well as A1 and A2.
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2 Physical fundamentals of hydraulics



2.5 Pressure boosting p1



Fluid pressure p1 exerts force F1 on surface A1, which F1



F2



A1



p2



A2



is transmitted to the small piston via the piston rod. And thus force F1 acts upon surface area A2, resulting in fluid pressure p2. Since piston surface area A2 is smaller than piston surface area A1, pressure p2 must be greater than p1.



Figure 2.7: Pressure boosting



The equation p



F1



F results in the following for forces F1 and F2: A



p1 ˜ A1 and F2



p2 ˜ A2



Since both forces are identical (F1 = F2), the equations can be equated: p1 ˜ A1



p2 ˜ A2



Individual quantities p1 and p2, as well as A1 and A2, can be deduced from this formula for use in calculations. For example, the following results for p2 or A2: p2



p1 ˜ A1 or A2 A2



p1 ˜ A1 p2



In the case of double-acting cylinders, impermissibly high pressure levels may occur as the result of pressure boosting if the outlet from the piston rod chamber is closed: A1



A2



Examples Given: p1 = 10 · 105 Pa A1 = 8 cm2 = 0.0008 m2 A2 = 4.2 cm2 = 0.00042 m2



F1 p2



p1 F2



Figure 2.8: Pressure boosting with double-acting cylinder
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p2 p2



p1 ˜ A1 A2



10 ˜ 105 N ˜ 0.0008 m2 0.00042 m2 ˜ m2



19 ˜ 105 Pa 19 bar
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2.6 Volumetric flow rate



Time (t) Volumetric flow rate (q)



Volumetric flow rate is the fluid volume which flows through a pipe during a specified unit of time. For example, it takes roughly one minute to fill a 10 litre bucket with water from a faucet. Volumetric flow rate through the water faucet is thus 10 litres per minute.



Volume (V)



Figure 2.9: Volumetric flow rate



In the field of hydraulics, volumetric flow rate is designated q. The following equation applies:



q



V t



q volumetric flow rate [m3/s], V volumen [m3], t time [s] Equations for volume (V) and time (t) can be deduced from the formula for volumetric flow rate.



2.7 Continuity equation If time t is replaced with s/v (v = s/t) in the formula for volumetric flow rate (q = V/t), taking into consideration that volume V can be replaced by A · s, the following results: q



A˜v



q volumetric flow rate [m3/s], v flow velocity [m/s], A pipe cross-section [m2] The formulas for pipe cross-section and flow velocity can be deduced from the formula for volumetric flow rate, and the resulting values can be used for calculation purposes. Example Given: q = 4.2 l/min. v = 4 m/s
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4 , 2 dm3 60 s



A



q v



A



0.00002 m2



A pipe cross-section of 0.2 cm2 would be required in order to achieve a flow velocity of 4 m/s with a volumetric flow rate of 4.2 l/min.



0 , 07 ˜ 103 m3 s sm 4 0.2 cm2
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The volumetric flow rate of a liquid which flows through a pipe whose cross-section changes several times is identical at every point within the pipe (see figure). This means that the liquid flows through small crosssections faster than it does through large cross-sections. The following applies: q1 A1 ˜ v1 , q2 A2 ˜ v2 , q3 A3 ˜ v3 , q4 A4 ˜ v4 etc. The fact that q remains unchanged at all points results in the following continuity equation:



A1 ˜ v1



A2 ˜ v2



A3 ˜ v3



... s3



s1 s2



q



A3



A1



A2



q



Figure 2.10: Volumetric flow rate



Example Given: v1 = 4 m/s v2 = 100 m/s A1 = 0.2 cm2 = 0.2 · 10-4 m2 A2 = 0.008 cm2 = 0.008 · 10-4 m2 q



A˜v



q1



0.2 ˜ 104 m2 ˜ 4



q2



0.008 ˜ 104 m2 ˜ 100



m s



m3 and s m3 0.8 ˜ 104 s



0.8 ˜ 104 m s



2.8 Pressure measurement



In order to measure pressure in lines or at the inlets or outlets of components, a pressure gauge is installed to the line at the corresponding location. We differentiate between absolute pressure measurement, for which the zero point on the scale is equal to absolute vacuum, and relative pressure measurement, for which the zero point on the scale makes reference to atmospheric pressure. Partial vacuums have a value of less than 1 in absolute measuring systems, and less than 0 in relative measuring systems.
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6



p



bar



pabs in bar



pabs = 5 bar



pe in bar 4



pe = 4 bar



5 4



3



Excess pressure 3



2



2



3



1



2



Atmospheric pressure 1



Measuring scale



0



0



Partial vacuum



Absolute pressure measurement



-1



Measuring scale



Relative pressure measurement



± 5% atmospheric 1



pe = -0.3 bar pabs = 0.7 bar



0



Figure 2.11: Absolute and relative pressure; p pressure in general, pabs absolute pressure, pe relative pressure



2.9 Temperature measurement The temperature of the hydraulic fluid in hydraulic systems can be measured with either a simple measuring device (thermometer) or a measuring transducer which transmits signals to a control section.



Temperature measurement is of special importance because high temperatures (> 60 °C) result in premature ageing of the hydraulic fluid. Furthermore, viscosity changes relative to temperature as well. The measuring devices can be installed inside the fluid tank. Thermo-switches or thermostats are used in order to maintain a constant temperature, and switch the heating or cooling system on and off as required.



2.10 Volumetric flow rate measurement The simplest way to measure the volumetric flow rate is with the help of a measuring cup and a stopwatch.



However, measuring turbines are advisable where continuous measurement is required. The rotational speed values displayed by these instruments indicate the volumetric flow rate. Rotational speed is proportional to the volumetric flow rate. A further possibility is the use of an orifice flow meter. Pressure drop ascertained at the orifice is a measure of the volumetric flow rate (pressure drop is proportional to volumetric flow rate). The viscosity of the hydraulic fluid has nearly no effect at all on measurement with an orifice flow meter.
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2.11 Types of flow We differentiate between laminar and turbulent flow. vm



vmax



laminar



turbulent



Figure 2.12: Laminar and turbulent flow



In the case of laminar flow, the hydraulic fluid flows through the pipe in well-ordered cylindrical layers. The inner layers move at greater velocities than the outer layers. If the flow velocity of the hydraulic fluid exceeds what is known as the critical velocity, the fluid particles no longer move in well-ordered layers. The fluid particles in the middle of the pipe break away to the sides. Consequently, the fluid particles influence and impair each other’s flow, eddies occur and flow becomes turbulent. As a consequence, energy is withdrawn from the principal current. The Reynolds number (Re) provides a method for calculating the type of flow which will occur in a smooth pipe. The Reynolds number depends on: x Flow velocity of the liquid v [m/s] x Pipe diameter d [m] and x Kinematic viscosity Q [m2/s]



Re



v˜d Q



The physical quantity known as “kinematic viscosity” is frequently designated simply as “viscosity”. An Re value calculated with this formula is interpreted as follows: x Laminar flow: Re < 2300 x Turbulent flow: Re > 2300
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The value of 2300 is known as the critical Reynolds number (Recrit) for round, smooth pipes. Turbulent flow does not become immediately laminar after Recrit is once again fallen short of. The laminar range is not entered until a value of ½ Recrit is reached. Critical velocity is thus the speed at which flow changes from laminar to turbulent. Recrit ˜ X d



vcrit



2300 ˜ X d



In order avoid considerable frictional loss due to turbulent flow in hydraulic systems, Recrit should never be exceeded. Critical velocity is not a fixed value, because it depends on the viscosity of the hydraulic fluid and the diameter of the pipe. This is why empirically determined values are usually used as a basis for actual practice.



80 70 60 50 40



100 80 70 60 50 40



4



3 ⋅ 10 4 2 ⋅ 10 1



30



Example Given: q = 50 dm3/min. d = 25 mm Ȟ = 36 cSt



4
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5



Reynolds number taken from the diagram: Re = 1200



3



100 100 200 300



2 50



3



1



1



d [mm]



n [cSt = 10-6 m2/s]



q



Re [-]



[dm3/min]



Figure 2.13: Determination of the Reynolds-number (according to Prof. Charchut), d diameter, Q viscosity, Re Reynolds number, q volumetric flow rate
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F1



F2



A1



A2



v1 A3



v2



A3 A4



v3



v4



Figure 2.14: Types of flow



Example Given: v1= 1 m/s, d1= 10 mm v3= 4 m/s, d3= 5 mm v4= 100 m/s, d4= 1 mm Ȟ = 40 mm2/s



The type of flow at cross-sections A1, A3, and A4 is sought.



Rex Re1



Re3 Re4



vx ˜ dx X 1000 mm ˜ 10 mm s s ˜ 40 mm2 4000 mm ˜ 5 mm s



s ˜ 40 mm2 100.000 mm ˜ 1 mm s s ˜ 40 mm2



250



500 2500 (turbulent)



Flow will only be turbulent at cross-section A4, because 2500 > 2300. Flow will become laminar again at cross-section A3 downstream from the throttle point, because 500 < 1150 = 2300/2, but not until the medium has traversed a stabilising zone.



2.12 Friction, heat, pressure drop Friction occurs in all of the lines of a hydraulic system through which the medium flows. Friction occurs



above all at the walls of the fluid lines (external friction). To this is added friction between the layers within the fluid (internal friction). This friction causes the hydraulic fluid, as well as components within the system, to heat up. As a consequence of this heat generation, pressure within the system drops, thus reducing actual pressure at the drive section.
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16



The magnitude of this pressure drop depends on the internal resistance of the hydraulic system. This results



bar p



14



from: x Flow velocity (cross-sectional surface area, volumetric flow rate) x Type of flow (laminar, turbulent) x Type and number of cross-section reductions in the hydraulic lines (restrictors, orifices) x Viscosity of the hydraulic fluid (temperature, pressure) x Length of the hydraulic line and changes in direction of flow x Surface finish x Hydraulic line routing



13 12 11 10 9 8 7 6 5 4 3 2 1 0 0



1



2



3



4 m/s 5



v



Figure 2.15: Influence of flow velocity on pressure drop



Friction between the flowing layers of the fluid, as well as adhesion of the fluid to the walls of the pipe cause resistance, which can be measured or calculated as pressure drop.



The recommended values should not be exceeded because as a quadratic magnitude, flow velocity has a considerable influence on resistance. 3



For hydraulic fluids where U = 850 kg/m 2



2



k: at approx. 15 °C (Q = 100 mm /s); w: at approx. 60 °C (Q = 20 mm /s) v [m/s] 0.5 d [mm]



6



10



20



1



2



4



k



w



k



w



k



w



k



w



Re



30



150



60



300



120



600



240



1200



O



2.5



0.5



2.25



0.25



0.625



0.125



0.312



0.0625



'p [bar/m]



0.44



0.09



0.88



0.177



1.77



0.35



3.54



0.70



Re



50



250



100



500



200



1000



400



2000



O



1.5



0.3



0.75



0.15



0.375



0.075



0.187



0.037



'p [bar/m]



0.16



0.03



0.32



0.064



0.64



0.13



1.27



0.25



Re



100



500



200



1000



400



2000



800



4000



O



0.75



0.15



0.375



0.075



0.187



0.037



0.093



0.04



'p [bar/m]



0.04



0.008



0.08



0.016



0.16



0.03



0.32



0.136



Table 2.1: Flow resistance in piping per 1 m length
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3



For hydraulic fluids where U = 850 kg/m 2



2



k: at approx. 15 °C (Q = 100 mm /s); w: at approx. 60 °C (Q = 20 mm /s) v [m/s] 0.5 d [mm]



30



40



50



60



1



2



4



k



w



k



w



k



w



k



w



Re



150



750



300



1500



600



3000



1200



6000



O



0.5



0.1



0.25



0.05



0.125



0.043



0.062



0.036



'p [bar/m]



0.017



0.003



0.035



0.007



0.07



0.024



0.14



0.082



Re



200



1000



400



2000



800



4000



1600



8000



O



0.375



0.075



0.187



0.037



0.093



0.04



0.047



0.033



'p [bar/m]



0.01



0.002



0.02



0.004



0.04



0.017



0.08



0.056



Re



250



1250



500



2500



1000



5000



2000



10000



O



0.3



0.06



0.15



0.045



0.075



0.037



0.037



0.031



'p [bar/m]



0.006



0.001



0.013



0.004



0.025



0.012



0.05



0.042



Re



300



1500



600



3000



1200



6000



2400



12000



O



0.25



0.05



0.125



0.043



0.062



0.036



0.045



0.03



'p [bar/m]



0.004



0.0008



0.009



0.003



0.017



0.01



0.05



0.034



Table 2.1: Flow resistance in piping per 1 m length (continued)



Where laminar flow and isothermal change of state prevail, pipe resistance O has a value of O



64 . In the Re



case of highly viscous hydraulic fluids, the adiabatic change of state predominates due to high pipe 75 resistance values. A pipe resistance index of O is therefore used for calculation in Table 2.1. Re



Pressure drop due to fittings



Considerable pressure drop occurs due to changes in direction of flow where elbows, T-pieces, branches and elbow connectors are used. The resulting resistance depends primarily on the geometry of the fittings and the magnitude of the volumetric flow rate. These pressure drops can be calculated by using shape coefficient [ (zeta), which is determined by means of experiment for the most common shapes. 'p



[˜



U ˜ v2 2
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Due to the fact that the shape coefficient depends to a great extent upon the Reynolds number, correction factor b is taken into consideration in accordance with the Re number. And thus the following applies to the laminar range: 'p



[˜b˜



U ˜ v2 2



Re



25



50



100



250



500



1000



1500



2300



b



30



15



7.5



3



1.5



1.25



1.15



1.0



Table 2.2: Correction factor b



[



T-piece



90° curve



Double angle



90° angle



Valve



1.3



0.5 to 1



2



1.2



5 to 15



Table 2.3: Shape coefficients



Example Calculate pressure drop 'p in an elbow with a nominal diameter of 10 mm. Given: Flow velocity v = 5 m/s Hydraulic fluid density ȡ= 850 kg/m3 Viscosity Ȟ= 100 mm2/s at 15 °C



Re is calculated first: m 5 ˜ 0 , 01 m v˜d s Re X m2 0 ,0001 s



500



Factor from Table 2.2: Shape coefficient from Table 2.3: 'p



30



[˜b˜



U ˜ v2 2



1, 2 ˜ 1,5 ˜



b = 1.5 ȟ= 1.2



850 kg ˜ 25 m2 2˜m s



3 2



19125



N m2



0 ,19 bar
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2.13 Energy and power 2.13.1 Energy



The total energy content of a hydraulic system is the result of several energy quantities. According to the energy conservation law, the total energy content of a flowing liquid remains constant. It only changes if energy is added or withdrawn from outside in the form of work. Total energy is the sum of the following energy quantities: x Static x Dynamic – Potential energy – Kinetic energy – Pressure energy – Heat energy Potential energy is the energy possessed by a body (or a liquid), when it is lifted by a distance amounting to height h. In this case, work is carried out against the force of gravity. This potential energy is exploited in



presses with large cylinders in order to quickly fill the piston chamber, and as input pressure for the pump. W



B



A



X



m˜g ˜h



W work [J] m mass of the liquid [kg] g gravity acceleration [m/s2] h height of the liquid [m] From: W = F · s and F = m · g we obtain: W = m · g · h where s = h SI unit: 1 kg · m/s2 · m = 1 Nm = 1 J =1 W/s (1 J = 1 joule, 1 W =1 watt)



Figure 2.16: Schematic drawing, press with overhead tank



Example



Calculate how much energy is stored in the overhead tank. m Given: m = 100 kg W m ˜ g ˜ h 100 kg ˜ 10 ˜2m 2 2 s2 g = 9.81 m/s | 10 m/s kg m2 h=2m W 2000 2000 Nm = 2000 J s2
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If a liquid is pressurised, its volume is reduced due to gases which are dissolved in it. The compressible range amounts to 1% to 3% of the initial volume. Due to this minimal compressibility of the hydraulic fluid, i.e. its relatively small 'V, pressure energy is minimal. At a pressure level of 100 bar, 'V is roughly 1% of the initial volume. The following calculation is based on these values. From W = F · s and F = p · A we obtain: W = p · A · s. If A ·s is replaced with 'V we obtain: W



p ˜ 'V



p fluid pressure [Pa], ' V fluid volume [m3], SI unit: 1



N m2



m3



1 Nm 1 J



Pressure energy results from the pressure with which the quantity of liquid resists compression.



Example Given: p = 100 · 105 Pa 'V = 0.001 m3



W



p ˜ 'V



100 ˜ 105 Pa ˜ 0.001 m3



0.1 ˜ 105



N m3 m2



10.000 J



All substances can be compressed. And thus if initial pressure p0 is increased by a value amounting to 'p, initial volume V0 is reduced by a value amounting to 'V. This compressibility is increased by the gases which are dissolved in the hydraulic fluid, and by rising temperature. Compressibility of the fluid may not be neglected where precision drives are involved. The corresponding characteristic value is bulk modulus K, which is often referred to as the volumetric modulus of elasticity. The bulk modulus can be calculated within the usual pressure range using the approximate formula. K | V0 ˜



'p 'V



V0 initial volume, 'V reduction in volume, SI unit: N/m2 or N/cm2 For air-free oil at 50 °C, variable K amounts to approximately 1.56 · 105 N/cm2. Since hydraulic fluid usually contains air, the K value is usually included as 1.0 to 1.2 · 105 N/cm2.
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Example The volume of the hydraulic fluid in a cylinder with a diameter of 100 mm and a length of 400 mm (lo) is pressured with a back pressure of 200 bar. Over which length 'l (distance) will the piston rod be



pressed back? The surface area ratio between the piston side and the piston rod side is 2:1. The surface area ratio of 2:1 results in a pressure of 100 bar applied to the trapped volume of hydraulic fluid. The bulk modulus is K = 1.2 · 105 N/cm2. The elasticity of the material and expansion of the cylinder barrel are not taken into account. V0 ˜



From K



'p we obtain 'V 'V



V0 ˜



'p . From V0 K



A ˜ l0 and 'V



A ˜ 'l we obtain the following



equation: 'p . Solved for 'l, we obtain: 'l K N 1000 cm 2 400 mm ˜ 3.33 mm N 1.2 ˜ 105 cm 2



A ˜ 'l



'l



A ˜ l0 ˜



l0 ˜



'p . By inserting the values we obtain: K



And thus the piston rod is pressed back a distance of 3.33 mm. The increase in volume due to temperature changes has not been taken into consideration in this calculation, because pressure changes generally occur so quickly that an adiabatic change of state (occurring without heat exchanger) can be assumed. This example demonstrates that compressibility can be neglected in many cases (e.g. for presses). It is nevertheless advisable to keep piping and cylinders as short as possible. For example, spindle drives powered by hydraulic motors are used instead of long cylinders for linear motion in machine tools for this reason.



Kinetic energy (also known as energy of motion) is the energy which a body (or fluid particles) possesses



while moving at a certain velocity. Energy is added by means of acceleration work by causing force F to act upon the body (or fluid particles). Kinetic energy is dependent on flow velocity and mass.



W



1 ˜ m ˜ v2 2



v velocity [m/s], m masse [kg]
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From W W



m˜a˜



F ˜ s and F



m ˜ a we obtain W



1 ˜ a ˜ t 2 . With v 2



1 ˜ a ˜ t 2 results in 2



m ˜ a ˜ s . Replacing s with s



a ˜ t we finally arrive at W



1 m ˜ v2 . 2



Any change in flow velocity (where the volumetric flow rate remains constant) automatically results in a change in kinetic energy. It’s proportionately increased relative to total energy when the hydraulic fluid flows faster, and it’s decreased when the hydraulic fluid flows more slowly. As shown in the diagram, hydraulic fluid flows through the hydraulic system at various velocities due to differing sizes of the hydraulic line’s cross-sections because, as the product of flow velocity and crosssection, volumetric flow rate is constant. Heat energy is the energy which is required to warm a body (or a liquid) to a certain temperature.



In hydraulic systems, a portion of the energy is converted into heat energy due to friction. This causes the hydraulic fluid, as well as components within the system, to heat up. A portion of this heat is dissipated to the environment, i.e. remaining energy is reduced. This results in a decrease in pressure energy. Heat energy can be calculated on the basis of pressure drop and volume. W



'p ˜ V



'p pressure drop due to friction [Pa], V volume [m3], SI unit: 1 Pa m3



1



N m3 m2



1 Nm 1 J



2.13.2 Power In general, power is defined as work or change in energy per unit of time. In hydraulic systems, we



differentiate between mechanical and hydraulic power. Mechanical power is converted to hydraulic power, transmitted, controlled and finally converted back into mechanical power. Hydraulic power is the product of pressure and the volumetric flow rate.
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The following equation applies: P



p˜q



P power [W] = [Nm/s], p pressure [Pa], q volumetric flow rate [m3/s] 1A1



1



Last



1V1



0Z1



A



B



P



T



P



T



4



1: Mechanical power P = F · v,



3



2: Hydraulic power P = p · q, 3: Mechanical power P = 2 S · n · M, 4: Electrical power P = U · I



2



Figure 2.17: Electrical, hydraulic and mechanical power



Example



Calculate hydraulic power. Given: p = 60 · 105 Pa q = 4.2 l/min. = 0.07 · 10-3 m3/s



P



p˜q



60 ˜105 Pa ˜ 0.07 ˜103



m3 s



4.2 ˜102



N m3 m2 s



420 W



Input power in a hydraulic system is not equal to output power, because power losses occur. The relationship between input power and output power is called efficiency Ș (Eta). Efficiency =



Output power Input power



In actual practice, we differentiate between volumetric power loss caused by leakage and hydraulicmechanical power loss caused by friction.
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1M1 MA, nA 1A1



70% / 75%



25% / 30% hydraulic power loss



F, v



Output power PA 5% cylinder or 10% motor



1V1



0Z1



A



B



P



T



P



10% valves and hydraulic lines



T



10% pump



5% electric motor



Input power PE Electrical power



Figure 2.18: Calculation of input and output power; hydraulic motor: PO approx. 330 W where PI = 467 W, cylinder: PO approx. 350 W where PI = 467 W



Correspondingly, the following differentiation applies to efficiency: x Volumetric efficiency (Șvol) includes losses which result from internal and external leakage via pumps, motors and valves. x Hydraulic-mechanical efficiency (Șhm) includes losses which result from friction in pumps, motors and cylinders. Total loss which occurs during power conversion in pumps, motors and cylinders is specified as overall efficiency (Ștot), and is calculated as follows: Ktot



Kvol ˜ Khm



Figure 2.18 illustrates how efficiency has to be taken into account when calculating a hydraulic system’s input and output power. The specified values are empirical values, which have to be replaced with the values provided by the respective manufacturer in actual practice.
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2.14 Cavitation



Cavitation (hollowing out) can be understood as the removal of extremely small particles from the surface of a material. Cavitation occurs in hydraulic components (pumps and valves) at control edges. This material destruction is caused by local pressure peaks and abruptly occurring high temperatures (extreme differences in temperature which occur very quickly). 3



Pressure



bar Pressure drop



2



Pressure collapse 1 0.7



Relative partial vacuum -0.3 bar



0



v3



v4



v3 < v4



Figure 2.19: Cavitation; left: pressure drop at a restriction, right: formation and collapse of gas bubbles



What causes pressure peaks and abruptly occurring high temperatures? Kinetic energy is required in order to increase the flow velocity of the hydraulic fluid at a restriction. This kinetic energy is withdrawn from available pressure energy. This results in a pressure drop at the restriction down into the vacuum range. As of a partial vacuum of pe Ĕ - 0.3 bar, air dissolved in the hydraulic fluid is precipitated. Gas bubbles are formed. Pressure rises again downstream from the restriction, the bubbles collapse and the following cavitation effects may occur: x Pressure peaks At the point where the cross section is enlarged, small particles are blasted out of the wall of the hydraulic line. This results in material fatigue, and frequently leads to destruction. This cavitation effect is accompanied by considerable noise. x Self-ignition of the oil-air mixture When the air bubbles collapse, the hydraulic fluid rushes into them. Due to high pressure immediately downstream from the constriction, very high temperatures occur when the air bubbles collapse due compression of the air. Similar to the phenomenon which occurs in diesel engines, the oil-air mixture may self-ignite within the bubbles (diesel effect).
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Air in the hydraulic system can result from various causes: x A certain amount of air is always contained in liquids. Hydraulic fluid contains approximately 9% dissolved air by volume at normal atmospheric pressure. However, this percentage varies relative to pressure, temperature and type of hydraulic fluid. Air can also penetrate the hydraulic system, especially at leaky throttle points. x Furthermore, hydraulic fluid drawn in by the pump may already contain air bubbles. This may be caused by incorrect discharging from the return line into the fluid tank, inadequate dwell time of the hydraulic fluid in the fluid tank or insufficient air release characteristics of the hydraulic fluid.



2.15 Throttle points



The issues dealt with in this section – types of flow, friction, heat and pressure drop, as well as energy, power and cavitation – are illustrated in a summary using the throttle point as an example: F



v1



F



A1 A2



v3



v2 v1 < v2 > v3



Figure 2.20: Throttle point



The Reynolds number is well over 2300 at throttle points. This is the consequence of the reduced crosssection which results in increased flow velocity due to the constant volumetric flow rate. Critical velocity is thus reached very quickly, at which point flow changes from laminar to turbulent. According to the energy conservation law, the total energy content of a system remains constant. And thus if kinetic energy is increased due to a higher flow velocity, one of the other forms of energy must be reduced.
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Energy is converted from pressure energy into kinetic energy and heat energy. Due to the increase in flow velocity, friction is increased; the hydraulic fluid is heated up as a result, and heat energy is thus increased.



A portion of this heat is dissipated to the environment. At the end of the throttle point, flow velocity is the same as it was upstream from the throttle. However, pressure energy has been reduced by an amount equal to heat energy, thus resulting in a pressure drop downstream from the throttle point. Energy reductions of this sort, caused by the throttle points, result in power loss. Power loss can be detected by measuring pressure drop and temperature rise. Pressure drop depends on: x Viscosity x Flow velocity x Throttle shape and length x Type of flow (laminar, turbulent) According to the Hagen-Poiseuille equation



q



D ˜ AD ˜



2 ˜ 'p U



Į flow index, AD throttle cross-section [m2], 'p pressure drop [Pa], ȡ hydraulic fluid density [kg/m3]



the following applies if the constants are neglected: q | 'p



The flow rate through a restrictor depends on differential pressure.



If pressure drops into the vacuum range at throttle points, air is precipitated out of the hydraulic fluid and bubbles are formed, which are filled with oil vapour and air (cavitation). When pressure is once again increased downstream from the throttle point at the transition to the enlarged cross-section, the bubbles collapse. This results in the cavitation effect – destruction of the material in proximity to the cross-section enlargement and possible self-ignition of the hydraulic fluid.



© Festo Didactic GmbH & Co. KG 574181



39



3 Hydraulic fluids Basically, any liquid would be suitable for the transmission of pressure energy. However, due to the fact that other hydraulic fluid characteristics are also required for the operation of hydraulic systems, the number of liquids which can be used is limited. The use of water as a hydraulic fluid results in problems with regard to corrosion, boiling point, freezing point and its low viscosity. Petroleum-based hydraulic fluids – including hydraulic oils – fulfil common requirements to a great extent (e.g. for machine tools). They’re used in a large percentage of applications. Flame retardant hydraulic fluids are required for hydraulic systems with increased fire hazard, for example as used in: x Hard coal mining x Die casting machines x Forging presses x Control systems for turbines in power plants x Smelting plants and mill trains In all of these applications, danger exists that petroleum-based hydraulic fluids will burst into flame upon contact with extremely hot metal components in the event that leakage occurs or a hydraulic line is broken. Oil mixtures with water or with synthetic oils are used instead of petroleum-based hydraulic fluids in these cases.



3.1 Functions of hydraulic fluids



The hydraulic fluids used in hydraulic systems have to fulfil greatly varying functions: x Pressure transmission x Lubrication of moving components x Cooling, i.e. dissipation of heat caused by energy conversion (pressure drop) x Cushioning of vibration which is caused by pressure surges x Corrosion protection x Removal of abrasion x Signal transmission
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3 Hydraulic fluids



3.2 Types of hydraulic fluid



Within the two groups of hydraulic fluids – namely oils and flame retardant fluids – there are various types with different characteristics. These characteristics are acquired by adding small quantities of active ingredients to a basic fluid. Hydraulic fluids



In accordance with ISO 11158 hydraulic fluids are subdivided into three classes depending on their characteristics and their composition: x Hydraulic fluid HL x Hydraulic fluid HLP x Hydraulic fluid HV These designations consist of an H for hydraulic fluid, as well as additional identifying letters which stand for the added active ingredients. The identifying letters are supplemented with a viscosity index in accordance with ISO 6743 (ISO viscosity classes). Designation



Special characteristics



Range of applications



HL



Increased corrosion protection and resistance to ageing



Systems in which high thermal stressing occurs, or corrosion due to penetration by water is possible



HLP



Increase resistance to wear



Same as HL fluid, but also for systems in which increased semifluid friction occurs due to design features or operating conditions



HV



Improved viscosity-temperature performance



As with HLP fluid, used for greatly fluctuating and low ambient temperatures



Table 3.1: Hydraulic fluids for hydraulic systems



Example



Hydraulic fluid HLP 68



H L P 68
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Hydraulic fluid With active ingredients for increased corrosion protection and/or resistance to ageing With active ingredients for increased load capacity Viscosity index per ISO 6743
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3 Hydraulic fluids



Flame retardant hydraulic fluids Here we differentiate between water-containing and water-free synthetic hydraulic fluids. Synthetic



hydraulic fluids are chemically designed to assure that their vapours are non-flammable. Table 3.2 provides an overview of flame retardant hydraulic fluids (HF), which are also described in ISO 12922. Brief description



Composition



Water content in %



HFA



Oil-water emulsions



80 – 98



HFB



Water-oil emulsion



40



HFC



Aqueous solutions, e.g. water-glycol



35 – 55



HFD



Water-free liquid, e.g. phosphate ester



0 – 0.1



Table 3.2: Flame retardant hydraulic fluids



3.3 Characteristics and requirements



In order to fulfil the above mentioned functions, hydraulic fluids must demonstrate certain characteristics in consideration of the respective operating conditions. These material characteristics include: • Good viscosity-pressure ratio • Lowest possible density • Good resistance to ageing • Minimal compressibility • Flame retardant • Viscosity must not be too low (lubricant film) • Good material compatibility • Good viscosity-temperature ratio Furthermore, hydraulic fluids should also fulfil the following requirements: • Abrasion and corrosion protection • Air separation • No formation of foam • Demulsification capacity • Resistance to low temperatures The most important differentiating characteristic for hydraulic fluids is viscosity.
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3 Hydraulic fluids



3.4 Viscosity



The word viscosity could be paraphrased as “pourability”. It provides information regarding the internal friction of a fluid, i.e. the resistance which has to be overcome in order to cause two neighbouring fluid layers to be displaced relative to each other. Viscosity is thus a measure of how easily a liquid can be poured. According to the International System of Units, viscosity is understood as “kinematic viscosity” (unit of measure: mm2/s). It’s determined by means of standardised procedures according to ISO 3104 and ISO 3105. A ball viscometer can also be used to determine kinematic viscosity. Viscosity values can be accurately determined over a broad range with this device. The speed is measured at which a body sinks into a liquid under the effect of gravity. In order to ascertain kinematic viscosity, the value obtained with the ball viscometer must be divided by the fluid’s density. 1 5



2



3



h



4



Figure 3.1: Ball viscometer; 1: test fluid, 2: dropping height, 3: drop tube, 4: ball, 5: tempering jacket



The indication of viscosity classes in an important part hydraulic fluid specifications. In accordance with ISO 11158, the following applies: The viscosity classes specify the minimum and maximum viscosities of the respective hydraulic fluids at a temperature of 40 °C.
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3 Hydraulic fluids



ISO viscosity classes



Kinematic viscosity [mm²/s] at 40 °C Max.



Min.



ISO VG 10



9.0



11.0



ISO VG 22



19.8



24.2



ISO VG 32



28.8



35.2



ISO VG 46



41.4



50.6



ISO VG 68



61.2



74.8



ISO VG 100



90.0



110.0



Table 3.3: Viscosity classes (ISO 6743-4)



There are thus fluids with six different viscosity classes for each of the various types of hydraulic fluid (HL, HLP and HV). Application ranges are specified for the various viscosity classes in the following table, and the viscosity class must be matched to the ambient temperature. High quality motor and transmission oils are also used in hydraulic systems in order to minimise inventories. For this reason, the viscosity classifications of the oils in accordance with SAE are shown here as well. However, much larger tolerances apply, which is made clear by a comparison of the two classifications. ISO-VG



SAE classes



Range of applications



100



30



Stationary systems in closed rooms with high temperatures



68



20, 25 W



46



15 W, 20 W



At normal temperatures



22, 32



10 W



Outdoor use – mobile hydraulics



15



5W



In colder areas



10



0W



Table 3.4: SAE viscosity classifications



Viscosity limits play an important role in actual practice: x Excessively low viscosity leads to increased leakage. The lubricant film is thin and can thus be torn away more easily, which reduces protection against wear. Nevertheless, low viscosity oil is preferred to high viscosity alternatives, because pressure drops and power loss are reduced thanks to lower friction. As viscosity rises, the fluid’s inner friction is increased as well, along with pressure drops and power loss caused by heat. x High viscosity results in increased friction, which leads to excessive pressure drops and warm-up, especially at throttle points. Consequently, cold starts and the separation of air bubble are made more difficult and cavitation results.
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3 Hydraulic fluids



Kinematic viscosity



mm2 s



Lower limit



10



Ideal viscosity range



15 to 100



Upper limit



750



mm2 s



mm2 s



Table 3.5: Viscosity limits



The viscosity-temperature ratio of hydraulic fluids must be taken into consideration, because viscosity changes relative to temperature. This ratio can be depicted in Ubbelohde’s viscosity-temperature diagram. If the values are transferred to logarithmic paper, a straight line is obtained. The viscosity index (VI) is generally used as a characteristic value for the viscosity-temperature ratio. It’s calculated in accordance with ISO 2909. The higher the viscosity index of a given hydraulic fluid, the less its viscosity changes, i.e. the greater the temperature range within which the hydraulic fluid can be used. A high viscosity index appears as a flat characteristic curve in the viscosity index-temperature diagram. Rule of thumb: the warmer the hydraulic fluid is, the less viscous it becomes.



n



10000 5000 mm2/s 1000 500



High pressure (bar) 1400 1200 1000 800
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600



1.000.000 40°C



mm2/s



n
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100°C 0°C



10.000



400
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1000 100
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1



0
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0



2000



4000



6000



bar p



10000



Figure 3.2: Left: viscosity-temperature diagram according to Ubbelohde, right: viscosity-pressure diagram
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3 Hydraulic fluids



Mineral oils with high viscosity indices are called multigrade oils. They’re used wherever greatly varying operating temperatures occur, for example in mobile hydraulics. In the case of oils with low viscosity indices, we differentiate between summer and winter oils: x Summer oils are characterised by high viscosity in order to assure that they do not become excessively runny, thus allowing the lubricant film to be torn away. x Winter oils have a low viscosity so that they don’t become excessively gooey, thus allowing for cold starts. The viscosity-pressure ratio of hydraulic fluids is also important, because viscosity increases along with pressure. This ratio must be observed in particular as of a differential pressure 'p of 200 bar. At roughly 350 to 400 bar, viscosity has already been doubled relative to zero differential pressure. If we summarise the hydraulic fluid characteristics described in this section, the following advantages and disadvantages become apparent for flame retardant and petroleum-based hydraulic fluids: Advantages



Disadvantages



High density



—



Suction is rendered more difficult for pumps.



Minimal compressibility



Hydraulic fluid is less elastic.



Higher pressure peaks are possible.



Poorer air separation characteristics



—



Dwell time in the tank extended by using a larger tank



Limited operating temperatures



—



50 °C must not be exceeded because too



More favourable viscosity-temperature



In the case of HFC fluids, viscosity is



In the case of HFD fluids, viscosity is



ratio



changed less in the event of temperature fluctuations.



changed in the event of temperature fluctuations.



Deterioration



—



HFD fluids deteriorate common Perbunan©



much water is otherwise vaporised.



seals, storage bladders and hoses. Price



The characteristics of HFD fluids coincide to



HFD fluids are more expensive than



those of hydraulic oils, if corresponding cooling and heating equipment is available.



hydraulic oils.



Table 3.6: Advantages and disadvantages of flame retardant and petroleum-based hydraulic fluids
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4 Components of the power supply section The power supply unit makes the required energy available to the hydraulic system. Its main components include: • Tank • Drive • Pump • Filter • Pressure-relief valve • Cooler • Coupling • Heater Furthermore, all hydraulic systems are equipped with maintenance, monitoring and safety equipment, as wells as hydraulic lines for connecting the hydraulic components.



4.1 Drive



Hydraulic systems (except for manual pumps) are driven by means of motors. Primarily electric motors are used to supply the pump with mechanical power in stationary hydraulic systems, whereas internal combustion engines are used for this purpose in mobile hydraulic systems. Central hydraulics play an important role in the case of large machines and systems. All of the system’s power consuming devices are supplied with hydraulic power via a common pressure line from one or more hydraulic power units, and with the help of one or more tanks. The hydraulic tank stores hydraulic energy, which can be withdrawn as required. Pressure, return and leakage oil lines are laid out as ring circuits. This design reduces space and power requirements. Figure 4.1 shows the circuit diagram of a machining station in a transfer line.
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4 Components of the power supply section
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1 2 3 Figure 4.1: Hydraulic circuit diagram; 1: pressure line, 2: return line, 3: leakage oil line



4.2 Pump



The pump included in a hydraulic system, also known as a hydro pump, converts mechanical energy from the power unit into hydraulic energy (pressure energy). The pump draws in the hydraulic fluid and displaces it into the system of hydraulic lines. Pressure is built up in the hydraulic system as a result of resistance which works against the flowing hydraulic fluid. The amount of pressure corresponds to the total resistance which results from external and internal resistance, as well as the volumetric flow rate.



x x
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External resistance results from effective load and mechanical friction, as well as static load and acceleration forces. Internal resistance results from overall friction in hydraulic lines and components, viscous friction and friction loss (throttle points).
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4 Components of the power supply section



The fluid pressure in a hydraulic system is thus not predetermined by its pump, but rather is built up in accordance with resistance – in extreme cases until a component is destroyed. But this is avoided in actual practice by integrating a pressure-relief valve directly downstream from the pump or in the pump housing, at which the maximum operating pressure suitable for the pump is permanently set and which serves as a safety valve. The following characteristic values are of significance for the pump: x Displacement volume V (also known as delivery rate or pump capacity) is a measure of the pump’s size. It designates the liquid volume which is delivered by the pump per revolution (or stroke). The delivered liquid volume per minute is designated volumetric flow rate q (delivery rate). This results from displacement volume V and rotational speed n. q



n ˜V



Example



Calculate the delivery rate of a gear pump. Given: rotational speed n = 1450 rpm Displacement volume V = 2.8 cm3 (per revolution)



q



x



n ˜V



1450 min-1 ˜ 2.8 cm3



4060



cm3 min



4.06



dm3 min



4.06



l min



Operating pressure is important where pumps are used. Peak pressure is specified, but this value should only occur briefly (see Figure 4.2) because the pump would otherwise be subjected to premature wear.



A pressure-relief valve is integrated into some pumps for safety reasons.



x



Input speed is an important criterion in selecting a pump, because volumetric flow rate q of a pump depends on its rotational speed n. Many pumps are only approved for operation within a certain speed range and may not be loaded directly from a standstill. The most common pump speed is n = 1500 rpm, because pumps are usually powered by asynchronous 3-phase motors which depend upon line frequency.
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4 Components of the power supply section



1



p



p3



p2 p1



t



Figure 4.2: Operating pressure; 1: duty cycle, p1: continuous pressure, p2: maximum pressure, p3: peak pressure



x



Pumps convert mechanical power into hydraulic power, which always involves power loss that’s expressed in terms of efficiency. Volumetric efficiency (Șvol) and hydraulic-mechanical efficiency (Șhm) must be taken into consideration when calculating the overall efficiency of a pump. The following applies: Ktot



Kvol ˜ Khm



Characteristic curves are used in actual practice in order to evaluate pumps. Various characteristic curves are in use, e.g. for: x Volumetric flow rate q x Power P x Efficiency Ș relative to pressure at a constant rotational speed. The characteristic curve for volumetric flow rate relative to pressure is called the characteristic pump curve. The characteristic pump curve demonstrates that that the effective volumetric flow rate (qeff) is reduced relative to increasing pressure. The actual volumetric flow rate (qw) is obtained by taking pump leakage oil (qL) into consideration. A minimal amount of leakage oil within the pump is necessary in order to maintain adequate lubrication!



50



© Festo Didactic GmbH & Co. KG 574181



4 Components of the power supply section



The following is made apparent by the characteristic pump curve: x Where p = 0, the pump delivers the entire volumetric flow rate q. x Where p > 0, q becomes smaller due to pump leakage oil. x The characteristic curve provides information regarding the pump’s efficiency (Șvol).



10.0 l/min 9.6 9.4 9.2 9.0 8.8 8.6 8.4



6%



1



13 %



q



Figure 4.3 shows the characteristic curves of a new pump and a used pump:
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Figure 4.3: Characteristic pump curves; 1: new pump, 2: used pump



The characteristic pump curve makes it possible to make statements regarding a pump’s volumetric efficiency (Șvol).



Example: efficiency calculation Characteristic curve of the new pump



Characteristic curve of the used pump



Pump leakage oil flow amounts to 6.0% at 230 bar. This results in the following: dm3 q( p 0 ) 10, 0 min dm3 q( p 230 ) 9.4 min dm3 qL 0.6 min



Pump leakage oil flow amounts to 13% at 230 bar. This results in the following: dm3 q( p 0 ) 10.0 min dm3 q( p 230 ) 8.7 min dm3 qL 1.3 min



KVol



dm3 min dm3 10.0 min 9.4



0.94
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KVol



dm3 min dm3 10.0 min 8.7



0.87
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4 Components of the power supply section



And thus in order to be able to use pumps correctly, the above described characteristic values and characteristic curves must be known, which makes it possible to compare various pumps and select the one which is most suitable. Other pump design features may also be important as well: x Type of mounting x Recommended hydraulic fluid x Operating temperatures x Pump type x Noise We differentiate amongst three basic types of hydro pumps on the basis of displacement volume: x Constant displacement pumps with constant displacement volume x Variable displacement pumps with adjustable displacement volume x Control pumps with control of pressure, volumetric flow rate or power, and a regulated displacement volume Hydraulic pump designs vary greatly, but all are based on the displacement principle. Displacement of the hydraulic fluid towards the power component is accomplished by means of, for example, pistons, vanes, screw spindles or gear wheels. Hydro pumps



Gear pumps



Vane pumps



Piston pumps



External gear pumps



Internally pressurised



Radial piston pumps



Internal gear pumps



Externally pressurised



Axial piston pumps



Annular gear pumps Screw pumps



Constant displacement pumps



Constant displacement, variable displacement or control pumps



Figure 4.4: Hydro pumps – overview
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4 Components of the power supply section



Hydro pump, gear pump type



Gear pumps are constant-displacement pumps, because the displaced volume which is determined by the gear tooth gap is unchangeable.



1 2



3



Figure 4.5: Gear pump – cutaway view and circuit symbol; 1: space between the teeth, 2: pressure chamber, 3: suction chamber



x



The suction chamber (3) is connected to the tank. The gear pump functions on the basis of the following principle: x One gear wheel is connected to the drive unit, and the other rotates along with it via the toothing. x As a result of the volumetric enlargement which occurs when a gear tooth leaves a gear tooth gap, a partial vacuum is generated in the suction chamber (3). x The hydraulic fluid fills the tooth chambers and is conveyed along the housing wall and into the pressure chamber (2). x Here, the hydraulic fluid is displaced from the tooth chambers and into the hydraulic lines by the teeth which then enter the tooth gaps.



Trapped fluid (1) is located in the tooth gaps between the suction chamber and the pressure chamber. This is fed to the pressure chamber via a slot, because pressure peaks would otherwise occur due to compression of the trapped oil which would result in noise and destruction.



Pump leakage oil quantities are determined by the size of the gap (between housing, tooth crests and the sides of the teeth), overlapping of the gears, viscosity and speed. These losses can be determined based on volumetric efficiency, because it indicates the ratio between the effective and the theoretically possible volumetric flow rate. The suction chamber is larger than the pressure chamber due to the minimal permissible flow velocity in the suction lines. An undersized suction pipe cross-section would result in a higher flow velocity, because the q . following applies to v: v A
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4 Components of the power supply section



In the case of a constant volumetric flow rate and a smaller cross-section, this would result in increased flow velocity. Consequently, pressure energy would be converted to kinetic energy and heat energy, and pressure would drop in the suction chamber. Due to the fact that partial vacuum prevails in the suction chamber when fluid is being drawn in, this would be increased, leading to cavitation. The pump would be destroyed due to the effects of cavitation over a given period of time. The above described characteristic values and characteristic pump curves are important in selecting and making proper use of pumps. The characteristic values of the most common constant displacement pumps are listed in the table. Cutaway view



Type



Speed range [rpm]



Displacement 3 volume [cm ]



Nominal



Gear pump, externally toothed



500 – 3500



1.2 – 250



63 – 160



0.8 – 0.91



Gear pump, internally toothed



500 – 3500



4 – 250



160 – 250



0.8 – 0.91



Screw pump



500 – 4000



4 – 630



25 – 160



0.7 – 0.84



Vane pump



960 – 3000



5 – 160



100 – 160



0.8 – 0.93



pressure [bar]



Overall efficiency



Table 4.1: Characteristic values of constant displacement pumps



54



© Festo Didactic GmbH & Co. KG 574181



4 Components of the power supply section



Cutaway view



Type



Speed range [rpm]



Displacement 3 volume [cm ]



Nominal



Axial piston pump



… – 3000 750 – 3000 750 – 3000



100 25 – 800 25 – 800



200 160 – 250 160 – 320



0.8 – 0.92 0.82 – 0.92 0.8 – 0.92



Radial piston pump



960 – 3000



5 – 160



160 – 320



0.90



pressure [bar]



Overall efficiency



Table 4.1: Characteristic Values of constant displacement pumps (continued)



4.3 Couplings



Couplings are included in the power supply section between the motor and the pump. They transmit torque generated by the motor to the pump. In addition to this, they cushion these two components from each other. This makes it possible to prevent the transference of motor operating fluctuations to the pump, and pump pressure peaks to the motor. Furthermore, couplings allow for compensation of motor and pump shaft misalignment. Examples x Rubber couplings x Curved tooth couplings x Metallic claw couplings with intermediate plastic discs



4.4 Tanks



The hydraulic system’s tank fulfils several functions. x Receptacle and storage tank for the hydraulic fluid required for operating the system x Dissipation of heat loss x Separation of air, water and solids from the fluid x Serves as a base for the pump and the drive motor, as well as other hydraulic components such as valves, accumulators etc.
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4 Components of the power supply section



10



11



1



2



9 8



7 3 6



5



4



1: Motor and pump 2: Suction tube 3: Suction chamber 4: Moderating plate 5: Return chamber 6: Drain screw 7: Level indicator, minimum fill-level 8: Filling filter 9: Level indicator, maximum fill-level 10: Vent with air filter 11: Return



Figure 4.6: Hydraulic power unit – schematic diagram



Based on these functions, the following guidelines must be observed when designing the tank: x Tank size This depends on: – Pump delivery rate – Amount of heat generated during operation in combination with maximum permissible fluid temperature – Maximum possible difference in fluid volume which occurs when filling and emptying consuming devices (e.g. cylinders and hydraulic fluid accumulators) – Location of use – Circulating time The amount of fluid delivered by the pump in 3 to 5 minutes is used as a reference value for tank size in stationary systems. In addition to this volume, an air cushion of roughly 15% must be provided in order to compensate for level fluctuations. Because tanks are smaller for mobile hydraulic systems in order to save space and reduce weight, they are unable to fulfil the cooling function without help (external cooling is required). x Tank shape Tall tanks are favourable for heat dissipation, and wide ones for air separation. x Suction and return lines These should be as far apart as possible and well below the lowest fluid level. x Baffle and moderating plates These are intended to separate the suction and return zones. This also allows for longer fluid dwell times and thus more effective separation of water and air.
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4 Components of the power supply section



x



Bottom plate The bottom plate should slope down towards the drain screw, so that settled sludge and water can be flushed out. Venting (air filter) In order to equalise pressure in the event of a fluctuating fluid level, the tank must be vented. A venting filter is usually integrated into the plug screw in the filling nozzle for this purpose. Closed tanks, like the ones used in mobile hydraulics, are not vented. In this case, a flexible bladder is installed into the sealed tank which is preloaded with a cushion of gas (nitrogen). This results in fewer problems with mobile tanks due to contamination caused by air and water intake, which would lead to premature ageing of the hydraulic fluid. At the same time, preloading also prevents the possibility of cavitation in the suction line, because excess pressure prevails in the tank.



x



4.5 Filters



Installing filters into hydraulic systems is very important for the maintenance of their functions and the service life of the hydraulic components. High pressure side 1



2



3 Low pressure side



Figure 4.7: Consequences of contaminated fluid; 1: valve seat, 2: contamination particles, 3: piston play



Contamination in the hydraulic fluid results from: x Initial contamination during commissioning including metal chips, casting sand, dust, welding spatter, slag, paint, dirt, sealing materials, contaminated hydraulic fluid (received contaminated). x Contamination occurs during operation due to abrasion, penetration around seals and via tank venting, when refilling or changing the hydraulic fluid, and when replacing components and hoses.
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4 Components of the power supply section



The function of the filters is to reduce this contamination to a permissible level, in order to protect the individual components from excessive wear. Filtering must be as fine as required to this end, and it should be possible to monitor the effectiveness of the filters by means of a contamination display. Rinsing with cheap filters is frequently carried out before commissioning the system. The selection and arrangement of the filters is based primarily on the sensitivity of the utilised hydraulic components to contamination. Degree of filtration x in Pm, where Ex = 100



Type of hydraulic system



1–2



Systems which are highly sensitive to extremely fine contamination with calculably high reliability; primarily aviation applications or under laboratory conditions.



2–5



Sensitive, high performance control and regulating systems in the high pressure range; frequently aviation, robotics and machine tools.



5 – 10



High quality, industrial hydraulic systems with high levels of operating reliability and planned service lives for the individual components.



10 – 20



General hydraulic and mobile hydraulic systems, medium pressure and medium size.



15 – 25



Heavy industry systems in the low pressure range, or systems with a limited service life.



20 – 40



Low pressure systems with large amounts of play.



Table 4.2: Degrees of filtration and applications



Contamination particles are measured in Šm, and degree of filtration is specified accordingly. In this respect, we differentiate amongst: x Absolute degree of filtration Specifies the largest particle which is capable of passing through a filter. x Nominal degree of filtration Particles of nominal pore size are separated after repeated passes. x Mean pore size Measure of the average pore size of a filter material in accordance with Gaussian distribution. x ß value Indicates how many times more particles above a given size can be found in the filter inlet than in the filter outlet. ß50 = 10 means that there are 10 times more particles larger than 50 Šm in the filter inlet than in the filter outlet.
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4 Components of the power supply section



4.5.1 Return filter



Return filters are mounted directly on top of the fluid tank, and return line filters are installed into the return line. The housing and the filter cartridge must be designed to withstand pressure peaks which may occur when large valves are opened abruptly, or to discharge fluid directly to the tank via a fast reacting bypass valve. All return flow should pass through the filter. If return flow is not fed via a common line, filters can also be used for bypass flow. Return filtering is less expensive than high-pressure filtering. Important characteristic values



Operating pressure



Depending on design up to max. 30 bar



Flow rate



Up to 1300 l/min (for filters intended for instillation to the tank) Up to 3900 l/min (large, upright filters for installation into piping)



Degree of filtration



10 – 25 Pm



Permissible differential pressure 'p Up to roughly 70 bar depending on the type of filter element



Table 4.3: Return filter – characteristic values



Double filters are also used in order to prevent downtime during filter maintenance. Two filters are arranged in parallel to this end. After switching flow to the second filter, the contaminated filter can be removed without shutting the system down.



4.5.2 Intake filters



This filter is located in the pump’s suction line; hydraulic fluid is drawn out of the tank and through the filter. Only filtered fluid is fed to the system. A



B



Figure 4.8: Filter units – circuit symbols; left: switchable filters, right: intake filter with bypass
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4 Components of the power supply section



Important characteristic values



Degree of filtration



60 – 100 Pm



Permissible differential pressure 'p Up to roughly 0.1 bar depending on the type of filter element



Table 4.4: Intake filters – characteristic values



These filters are used primarily in systems for which the required levels of cleanliness for the hydraulic fluid are not assured in the tank. They only protect the pump. They also make it more difficult for the pump to drawn in fluid due to a considerable pressure drop, or in the event that the pump is highly contaminated. For this reason, these filters cannot be very fine, because a partial vacuum would otherwise be generated by the pump, thus resulting in cavitation. In order to prevent the occurrence of these suction problems, intake filters are equipped with a bypass valve. The installation of a contamination indicator is mandatory.



4.5.3 Pressure filters



These filters are installed into the pressure lines of hydraulic systems upstream from devices which are sensitive to contamination, e.g. at the pump’s pressure supply port, at valves and at flow regulators. These filters are subjected to maximum operating pressure and must be correspondingly robust. They should not have a bypass, but should always be equipped with a contamination indicator. Important characteristic values



Operating pressure



Up to 420 bar



Flow rate



Up to 300 l/min.



Degree of filtration



3 – 5 Pm



Permissible differential pressure 'p Up to 200 bar depending on the type of filter element



Table 4.5: Pressure filters – characteristic values



4.5.4 Filter arrangement



Hydraulic filters can be arranged differently within the hydraulic system. We differentiate between: x Full-flow filtering: return, intake and pressure filtering x Bypass filtration: only part of the flowing fluid is filtered The various filter arrangements are listed in the figures in Table 4.7. Which filter arrangement is most favourable depends above all on how sensitive the components to be protected are to contamination, on the degree of contamination of the hydraulic fluid and on the costs.
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Hydraulic devices



Filter concept



Axial piston machine Full-flow filter



Filter arrangement in the hydraulic circuit



Nominal degree of filtration [Pm]



Return line and/or pressure d 25 line Low pressure line



d 25 (10)



Gear wheel / radial piston machine



Full-flow filter



Return line



d 63



Directional flow valve, pressure regulator, shut-off valve



Bypass filter (additional)



Suction line



d 63



Full-flow filter



Return line



d 25



Working cylinders Medium speed hydraulic motor



Table 4.6: Recommended degrees of filtration



Full-flow filtering Return filter



Bypass filtering Intake filter



Pressure filter



Circuit diagrams



Advantages



Disadvantages



Comment



Cost effective, Protects pump against trouble-free maintenance. contamination.



Contamination is not



Poor accessibility and



collected until after it has passed through the device.



suction problems with fine filters.



Commonly used.



Can be used additionally as a coarse pump upstream from the pump.



Small filter possible as Smaller pore sizes than for others are possible for additional filter. valves which are sensitive to contamination. Expensive.



Less contamination repulsion.



Pressure resistant housing and contamination indicator are required.



Only part of the flowing hydraulic fluid is filtered.



Table 4.7: Full-flow and bypass filtering



© Festo Didactic GmbH & Co. KG 574181



61



4 Components of the power supply section



Surface filters



These filters consist of a thin layer of woven material, e.g. metal, cellulose, plastic or paper. These are oneway filters which are frequently used for rinsing or commissioning a system. Deep bed filters



These filters can be made of press-formed or multi-layered textile, cellulose, plastic, glass or metallic fibres, or may contain a sintered metal cartridge. These filters demonstrate high contamination absorbing capabilities in comparison with other filters which have the same amount of filtering surface. Generally speaking, these filters have a star-folded filter element. This provides for a very large filtering surface with a compact design.



Filter 4.9: Schematic filter layout; left: surface filter, right: deep bed filter



Certain characteristics and possible applications result from the filter material, the degree of filtration and the filter type. These are depicted in Table 4.6 and Table 4.8. Every filter causes a pressure drop. The following reference values apply to full-flow filtering in this respect: Pressure filter 'p  1 to 1.5 bar at operating temperature 'p  0.5 bar at operating temperature Return filters 'p  0.05 to 0.1 bar Intake filter at operating temperature
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Element type



Degree of



Application and characteristics



filtration [Pm]



Absolute filter Ex = 75



3, 5, 10, 20



Assurance of correct functioning and specified service life of sensitive components, e.g. servo-valves and proportional valves



Polyester, paper mat, metal mat 4 + 4



1, 5, 10, 20



Assurance of correct functioning and specified service life of less sensitive components; minimal flow resistance; good contamination absorption capacity.



Wire mesh, Dutch weave mesh



25 25, 50, 100



Suited in particular for flame retardant liquids and water by using a stainless steel filter material; highly resistant to differential pressure; good contamination absorption capacity; operating temperatures of great than 120 °C are possible with special designs.



Nominal filter



Table 4.8: Selection criteria for filter elements (HYDAC)



4.5.5 Bypass filtering



The delivery rate of the bypass pump should be roughly 10% of the tank’s content. In order to keep pressure drop to a minimum, the filter must be adequately dimensioned. In addition to the required degree of filtration and the flow rate, viscosity also influences overall pressure drop. Viscosity factor f, as well as pressure drop 'p of the housing and the filter element, are specified by the manufacturer. Overall differential pressure of the entire filter results from the following:



'poverall = 'phousing + f · 'pelement



4.5.6 Contamination indicators



It’s important to be able to check filter effectiveness by means of a contamination indicator. The degree of contamination of a filtered is measured via pressure drop. As the filter becomes more contaminated, pressure rises upstream from the filter.



Direction of flow



A



This pressure acts upon a spring-loaded piston. As pressure rises, the piston is pressed against the spring. Indication can be implemented in different ways. Either piston displacement is directly visible, or it’s converted to an electrical or optical display by means of electric contacts.



B



Figure 4.10: Contamination indicator
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4.5.7 Determining the differential pressure of a pressure filter Example Overall pressure drop 'p needs to be calculated for a flow rate of 15 l/min. The degree of filtration will be 10 Šm and kinematic viscosity is Ȟ = 30 mm2/s. The following diagrams are available as



2.0 bar 1.6



Dp



Dp



manufacturer’s specifications (Hydac).



1.2



0.8



0.8



0.4



0.4



0



5



15



10



20



l/min q



30



5 μm 10 μm



1.2



0



3 μm



2.0 bar 1.6



20 μm



0 0



5



10



15



20



l/min q



30



f



Figure 4.11: Characteristic curves; left: characteristic housing curve, right: characteristic pressure filter element curve



Values for q = 15 l/min. are taken from these



30 20 15 10



diagrams: 'phousing = 0.25 bar 'pelement = 0.8 bar f = 1.2



5 3 1



This results in an overall differential pressure (pressure drop) of: 'poverall = 0.25 bar + 1.2 · 0.8 bar = 1.21 bar



0.1 10



30 50 100 200 mm2/s 1000 n



Figure 4.12: Viscosity factor f
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Due to the fact that the reference value for pressure drop at a pressure filter is roughly 1 to 1.5 bar, the calculated filter has been correctly selected.
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4.6 Cooling



Energy losses occur in hydraulic systems due to friction when the hydraulic fluid flows through the hydraulic lines and components. The hydraulic fluid heats up as a result. To a given extent, this heat is dissipated to the environment via the fluid tank, the hydraulic lines and other components. Operating temperature should not exceed 50 to 60 °C. Excessive temperature causes the viscosity of the fluid to drop to an impermissibly low value and leads to its premature ageing. It reduces the service life of seals as well. If the system’s cooling power is inadequate, the cooler is usually switched on by means of thermostats in order to keep temperature within the specified limits. The following cooling equipment is available: x Air cooler: temperature differences of up to 25 °C are possible x Water cooler: temperature differences of up to 35 °C are possible x Liquid cooling with coolants from an air cooled refrigerator: where large amounts of heat need to be dissipated Coolers are almost always required for mobile hydraulics, because the tanks are too small for adequate dissipation of heat loss occurring in the system.



Figure 4.13: Air cooler (Längerer & Reich); water cooler (Längerer & Reich)
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Air cooler



Water cooler



Description



The hydraulic fluid flows from the return line through a pipe coil which is cooled by a fan.



Pipes through which hydraulic fluid flows, and around which coolant flows.



Advantages



Minimal operating costs, easy installation.



Large amounts of heat loss can be dissipated without any disturbing noise.



Disadvantages



Disturbing noise.



Higher operating costs (coolant), susceptibility to contamination and corrosion.



Table 4.9: Comparison of air and water cooling



4.7 Heating



Heating is often required in order to quickly reach the ideal operating temperature. The purpose of heating is to assure that the hydraulic fluid quickly reaches its ideal viscosity after starting the system up. If viscosity it too high (fluid is too thick), wear is accelerated due to friction and cavitation. Cartridge heaters and continuous flow heaters



are used to heat and preheat the hydraulic fluid.



Figure 4.14: Cartridge heater (Längerer & Reich)



Targeted hydraulic fluid temperatures: Stationary system: 35 to 55 °C in the tank Mobile systems: 45 to 65 °C in the tank
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4.8 Hydraulic accumulators



Hydraulic accumulators collect hydraulic energy from the pump, store it and release it as required. Specifically, the following applications can be implemented: x Equalisation of greatly fluctuating volumetric flow requirements – Consuming devices with various fluid requirements – Brief but large fluid requirements, e.g. injection moulding machines x Maintenance of a constant pressure – Compensation of leakage loss – Maintain clamping pressure for a lengthy period of time x Levelling off pressure peaks – Smoothing of pulsating volumetric flow from hydraulic pumps – Cushioning of pressure peaks at fast switching valves x Energy source for vibration-free drives – For highly precise machining of workpieces x Energy source for emergency operation – Completion of the current production cycle – Closing or opening of bulkheads – Actuating brakes or doors in case of emergency



4.8.1 Design and mode of operation



For all practical purposes, liquids cannot be compressed, and thus cannot be directly used to store energy. The hydraulic fluid in the accumulator is loaded with weights, springs or a cushion of gas. Hydro-pneumatic accumulators with separators are used in most hydraulic systems. Separators include: x Pistons x Diaphragms x Bladders Nitrogen or another suitable gas must be used as a filler gas (EN 982). Nitrogen bottles are identified by the colour “grey”. Test dates are stamped into the bottles.



Note



Under no circumstances may oxygen or air be used, because they result in danger of explosion.



© Festo Didactic GmbH & Co. KG 574181



67



4 Components of the power supply section



Figure 4.15: Piston accumulator, diaphragm accumulator and bladder accumulator – sectional views



In describing the method of operation of a hydraulic accumulator, we differentiate amongst for different pressure values: x Transport pressure pT Pressure at the gas side during transport of the accumulator. 10 bar is a common value in order to prevent abrasion of the separating medium. x Gas preloading pressure p0 When the accumulator is filled exclusively with gas (i.e. no hydraulic fluid), we speak of the gas preloading pressure. This value should be roughly 10% less than the system’s smallest working pressure. A minimal amount of hydraulic fluid should always remain in order to prevent abrasion of the separating medium. x Smallest working pressure p1 The smallest pressure which occurs within the system. The value is calculated or derived on the basis of empirical values. x Largest working pressure p2 This value is set at the pressure-relief valve or is calculated. In the case of diaphragm and bladder accumulators, it’s impossible to avoid a minimum amount of gas loss through the diaphragm or bladder. Gas preloading pressure must therefore be checked at certain intervals and refilled if required.



68



© Festo Didactic GmbH & Co. KG 574181



4 Components of the power supply section



4.8.2 Piston accumulators Design 1 2 3 4



Typical characteristic values x Volume: 0.2 to 650 l x Monitoring of piston level is possible x Piston can be replaced



x



Maximum permissible pressure ratio p2 : no restrictions p0



5



Figure 4.16: Piston accumulator – cutaway view; 1: gas valve, 2: cap on gas side, 3: cylinder barrel, 4: floating piston, 5: cap on fluid side



Function



The gas and fluid sides are separated from each other in the piston accumulator by the piston. When hydraulic fluid is pumped into the collector, gas volume is reduced, and pressure is increased at the same time. The piston is advanced until equilibrium is reached between the forces on the gas side and the fluid side. If pump delivery pressure drops, the gas cushion expands and displaces hydraulic oil which has accumulated on the fluid side. Application



In actual practice, piston accumulators are characterised by large nominal volumes which can be quickly released. They’re used, for example, in die casting machines which require corresponding amounts of volume. One of the advantages of the piston accumulator is the fact that the full length of the device is taken advantage of, because nearly the entire space is available for hydraulic fluid.
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4.8.3 Diaphragm accumulators Design 1 2



3 4



Typical characteristic values x Volume: 0.1 to 10 l x No monitoring possible x The diaphragm can be replaced in accumulators which are screwed together.



x



Maximum permissible pressure ratio p2 = 4:1 to 8:1 p0



5



Figure 4.17: Diaphragm accumulator – cutaway view; 1: gas valve, 2: pressure vessel, 3: diaphragm, 4: valve disc, 5: valve body with fluid port



Diaphragm accumulators are available in welded and screwed together designs. The valve disc prevents the diaphragm from being damaged by the edges of the connection opening. The material from which the diaphragm is made depends on the utilised hydraulic fluid and operating temperature. Function



As long as hydraulic oil is pumped into the collector, gas volume is reduced and pressure is increased at the same time. The diaphragm, which separates the gas from the hydraulic fluid, is deflected until pressure is equalised. If pump delivery pressure drops, the gas cushion displaces hydraulic fluid from the accumulator via the diaphragm. Application



Diaphragm accumulators are highly efficient thanks to their flexible separators. They’re practically inertiafree, because frictional loss is eliminated and the gas and fluid chambers are entirely sealed off from each other. Diaphragm accumulators can be mounted in any desired position.
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4.8.4 Bladder accumulators Design 1 2



3



Characteristic values x Volume: 1 to 50 l x The bladder can be replaced x No monitoring possible



x



Maximum permissible pressure ratio p2 = 4:1 p0



The non-return valve protects the bladder against damage when full distension occurs. 4



5



Figure 4.18: Bladder accumulator – sectional view; 1: gas valve, 2: pressure vessel, 3: flexible bladder, 4: non-return valve, 5: fluid port



Function



As long as hydraulic oil is pumped into the collector, gas volume is reduced and pressure is increased at the same time. The bladder, which seals the gas in fully, is squeezed until pressure is equalised. If pump delivery pressure drops, the expanding gas bladder displaces hydraulic fluid from the accumulator. Application



These accumulators are highly efficient thanks to their flexible bladders. They’re practically inertia-free, because frictional loss is eliminated and the gas and fluid chambers are entirely sealed off from each other. Bladder accumulators are installed preferably in the vertical position. The fluid discharge valve points down.
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4.8.5 Safety regulations



Under no circumstances may any welding, soldering or drilling be executed on hydraulic accumulators!



Testing by an expert



Hydraulic accumulators are pressure vessels and are subject to applicable accident prevention regulations at the installation site. The pressure vessel regulation (DruckbehV) is decisive in Germany, and was published as a statutory ordinance in 1980 and amended on 1 May 1989. This is also valid within EU standardisation. Pressure vessels are classified in groups according to permissible operating pressure p in bar, pressure chamber capacity l in litres and pressure-capacity product p · l – if there are several separate pressure chambers, the product is calculated separately for each one. Group



Tests prior to commissioning



Periodic tests



Conducted by the manufacturer



Conducted by the operating company



II p > 25 bar p · l Ĕ 200



Pressure test and certification that the pressure vessel has been properly manufactured, and that it fulfils the specified requirements based on the results of the pressure test.



An expert subjects the pressure vessel to approval testing and certifies that it fulfils the requirements specified within the scope of the respective test.



III p > 1 bar 200 < p · l Ĕ 1000



Pretesting by an appraiser. Pressure test and certification that the pressure vessel has been properly manufactured, and that it fulfils the specified requirements based on the results of the pressure test.



An appraiser subjects the pressure Same as group II vessel to approval testing and certifies that it is in good condition.



These pressure vessels must be subjected to periodic testing by the expert at a point in time which is determined on the basis of experience with the operating company’s mode of operation and charge material.



Table 4.10: Classification of pressure vessels into test groups (excerpt)
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4.8.6 Safety Equipment



The following are required: x Pressure-relief valve – these are tested and sealed at the factory after production. A corresponding certificate with the specified pressure setting is included. x Stop cock for the pressure supply port x Drain cock for the tank port x Pressure gauge connection These 4 basic elements are minimum requirements, and others are included by the manufacturer as well, depending on the application. Required identification on the pressure vessel x Date of manufacture (month/year) x Serial number



x x



Capacity in litres Permissible temperature range



As of group II, all pressure vessels must be equipped with a pressure vessel safety block.



1



0 P



2 T



Figure 4.19: Diaphragm accumulator with accumulator safety block – circuit symbol
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5 Drives 5.1 Hydraulic cylinders



Hydraulic cylinders convert hydraulic energy into mechanical energy. They generate motion in straight lines, for which reason they are also known as linear motors. We differentiate between two basic types of hydraulic cylinders: x Single-acting x Double-acting



5.1.1 Single-acting cylinders



In the case of single-acting cylinders, only the piston side is pressurised with hydraulic fluid. As a result, the cylinder is only capable of performing work in a single direction. Function



Hydraulic fluid flows into the piston chamber. Pressure is built up due to the counterforce at the piston (applied load). After this counterforce has been overcome, the piston advances into the front end-position. During the return stroke, the piston chamber is connected to the tank via the hydraulic line and the directional control valve, and the pressure line is shut off by the directional control valve. The return stroke is executed by means of dead weight, a spring or the applied load. These forces (weight forces) must overcome the friction forces in the cylinder, as well as in the hydraulic lines and valves, and displace the hydraulic fluid into the discharge line. 1



2



3



4



5



6



7



Figure 5.1: Single-acting hydraulic cylinder (plunger cylinder) – cutaway view and circuit symbol; 1: cylinder bottom, 2: vent screw, 3: piston rod, 4: cylinder barrel, 5: piston rod guide, 6: piston rod seal, 7: wiper
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Plunger cylinders and telescopic cylinders are available as separate design types. Plunger cylinders are single-acting cylinders in which piston and piston rod are a single part. Larger strokes are possible with single-acting telescopic cylinders. Applications



Single-acting cylinders are used where hydraulic work is only required in a single direction of motion: lifting workpieces, clamping, lowering, hydraulic lifts, scissors-type elevating platforms and platform lifts. The following applies to the installation of single-acting cylinders: x Vertical installation: When return is executed by means of external forces x Horizontal installation: For single-acting cylinders with spring return In the case of hydraulic presses, the return stroke is executed by means of drawback cylinders.



Figure 5.2: Application example, scissors-type elevating platform



5.1.2 Double-acting cylinders



With the double-acting cylinder, both piston surfaces can be pressurised with hydraulic fluid. As a result, they are capable of performing work in both directions. Function Hydraulic fluid flows into the piston chamber and pressurises piston surface A. Pressure is built up as the



result of internal and external resistance. Force F results from pressure p and piston surface area A due to the following law of physics: F = p · A. Resistance is then overcome and the piston rod advances. This is made possible by transforming hydraulic energy into mechanical energy, which is made available to a consuming device.
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1



2
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5



4



3
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6



7



8
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10



Figure 5.3: Double-acting hydraulic cylinder – cutaway view and circuit symbol; 1: cylinder bottom, 2: vent screw, 3: piston, 4: piston rod chamber, 5: piston rod, 6: cylinder barrel, 7: piston rod guide, 8: piston rod seal, 9: end cap, 10: wiper, 11: piston seal, 12: piston chamber



When advancing the cylinder, the fact that the hydraulic fluid at the piston rod side has to be displaced via the hoses to the tank must be taken into consideration. Hydraulic fluid flows into the cylinder’s piston rod chamber during the return stroke. The piston rod is retracted and hydraulic fluid is displaced from the piston chamber by the piston. In the case of the double-acting cylinder with single-ended piston rod, different forces (F = p · A) and speeds result from the differing surface areas during advancing and retracting (piston surface area and piston ring surface area) with an unchanging volumetric flow rate. 1



2



3



Figure 5.4: Double-acting cylinder; 1: piston surface, 2: piston ring surface, 3: piston chamber



Although the flow rate remains constant, return speed is greater because the volume to be filled is smaller than during the forward stroke.
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Designation



Description



Differential cylinder



Piston to piston-ring surface area ratio: 2:1 Piston return is twice as fast as advancing.



Cutaway view



Symbol



2 : 1



Steady-speed cylinder



Surface area ratio: 1:1. Advancing and return speeds are identical. A1 = A2



Cylinder with end-position cushioning



For reducing the speed of large loads and for avoiding hard impacts.



Telescopic cylinder



Larger strokes.



Pressure booster



Increased pressure.



Tandem cylinder



Where large forces are required but only small cylinder dimensions are possible.



Table 5.1: Double-acting hydraulic cylinders – cylinder types



Motion generated by hydraulic cylinders is used in: x Machine tools Feed motion for tools and workpieces; clamping devices; cutting motion at planing, shaping and reaming machines; motion at presses; motion at die-casting and injection moulding machines etc. x Transport equipment and hoists Tilting, lifting and swivelling motion for dumpers, forklifts etc. x Mobile equipment Excavators, front-end loaders, tractors, high-lift fork trucks and cement mixers. x Aeroplanes Lifting, tilting and swivelling motion for landing gear, rudders etc. x Ship Rudder motion, marine propeller pitch adjustment.
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5.1.3 End-position cushioning



Cylinders with end-position cushioning are used in order to decelerate high stroke speeds. Hard impacts at the end of the stroke are avoided in this way. Operation without cushioning is possible at speeds of v < 0.1 m/s. Cushioning with flow control or brake valves is required at speeds of v ē 0.1 to 0.3 m/s. Special cushioning or braking measures are required at speeds of v > 0.3 m/s. When the piston is returned to the rear end-position, the cross-section available to the hydraulic fluid being discharged from the piston chamber becomes smaller as of a certain point due to the cushioning shafts, until it’s finally closed. The hydraulic fluid in the piston chamber then has to be discharged via a flow control valve (see Figure 5.5). Piston speed is reduced as a result, and no destruction due to excessive speeds is possible. When the piston advances, fluid flows unobstructed through the non-return valve, thus bypassing the throttle point. The use of a pressure-relief valve is required for end-position cushioning (division of flow). 1



3



2



4



Figure 5.5: Double-acting cylinder with end-position cushioning – sectional view; 1: flow control screw, 2: cushioning shafts, 3: flow control screw, 4: non-return valve
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5.1.4 Seals



The function of seals is to prevent leakage at hydraulic components. Due to the fact that pressure drops result from leakage, seals are very important for maintaining the efficiency of hydraulic systems. Generally speaking, static seals are installed between non-moving parts and dynamic seals are installed between moving parts. x Static seals – O-rings for the cylinder housing – Flat seals for the tank cover x Dynamic seals – Piston and piston rod seals – Shaft seals at rotating devices Recommended maximum piston speed is roughly 0.2 m/s, and depends on operating conditions in addition to the seal material and the type of seal. If extremely low speeds and/or minimal break-away forces are required, special seal materials and sealing systems must be used, and improved cylinder surfaces are necessary. Depending on the demands placed upon the cylinder (pressure, temperature, speed, diameter, hydraulic fluid, water), the seals shown in Table 5.2 are used. Seals at the piston



Seals at the piston rod



Slip-ring seal for low piston speeds. For low pressure. 3-part: pressure ring, sealing ring, backup ring



Slip ring seal with wiper.



V-shaped seal for rugged operation. 3-part: pressure ring, sealing ring, backup ring



V-shaped seal with wiper, adjustable.



Sealing element made of PTF for high speeds and high pressure. Contact force by means of O-ring.



Table 5.2: Cylinder seals
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5.1.5 Mounting options



Depending on how they’re used, cylinders are mounted in different ways. Several mounting options are listed in Table 5.3. Foot mounting



Swivel mounting



Flange mounting



Swivel mounting with trunnion



Table 5.3: Mounting options



5.1.6 Exhaust



In order to achieve jerk-free motion of the cylinder’s piston, the hydraulic systems must be deaerated, i.e. air transported along with the fluid in the hydraulic lines must be eliminated. Due to the fact that trapped air always collects at the highest point within the hydraulic lines, a bleed screw or an automatic exhaust valve must be installed at this point. Hydraulic cylinders are supplied with bleed screws at both end positions. These ports can also be used for connecting pressure gauges.



5.1.7 Characteristic data Load F must be known before selecting the cylinder. Required pressure p is selected depending on the



application. The piston diameter can be calculated with this data. In doing so, hydraulic-mechanical efficiency Șhm must be taken into consideration. Efficiency depends on how rough the cylinder barrel and the piston rod are, as well as the type of sealing system. Efficiency is improved as pressure rises. It’s within a range of 0.85 to 0.95.
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p ˜ A ˜ Khm where A



Piston diameter d results from F d



d2 ˜S and 4



4˜F . p ˜ Khm ˜ S



Volumetric Șvol efficiency accounts for leakage loss at the piston seal. If the seal is intact, Șvol = 1.0 and is disregarded. The inside diameter of the cylinder, the diameter of the piston rod and nominal pressures are standardised in ISO 3320/3322. Furthermore, preferred mating of the surface area ratio M resulting from piston area AK to piston ring area AKR is stipulated. Inside cylinder diameter



100



12



16



20



125



160



200



25 220



250



32 280



40



320



360



50



63



80



400



Piston rod diameter



8



10 100



110



12



14



16



18



20



22



25



28



32



36



112



140



160



180



200



220



250



280



320



360



40



45



50



63



70



80



90



Nominal pressure 25



40



63



100



160



200



250



315



400



500



630



Table 5.4: Inside cylinder diameters, piston rod diameters and nominal pressures per ISO 3320/3322



The nominal pressure values printed in boldface are preferred. The series of preferences for piston stroke is specified in ISO 4393, and for piston rod thread in ISO 4395. Table 5.5 allocates associated surface area AK to cylinder diameter dK, and piston ring surface area AKR (not piston rod surface AST) to piston rod diameter dST as surface area ratio M.



I



AK , AKR AKR



AK  AST
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Table for surface area ratio M Nominal values M 1.25



25



32



40



50



60



63



80



100



125



AK [cm ]



4.91



8.04



12.60



19.60



28.30



31.20



50.30



78.50



123



dST



12



14



18



22



25



28



36



45



56



AKR [cm ]



3.78



6.50



10.00



15.80



23.40



25.00



40.10



62.20



98.10



M actual value



1.30



1.24



1.25



1.24



1.21



1.25



1.25



1.26



1.25



dST



14



18



22



28



32



36



45



56



70



AKR [cm ]



3.37



5.50



8.77



13.50



20.20



21



34.40



54



84.20



M actual value



1.46



1.46



1.44



1.45



1.39



1.49



1.46



1.45



1.46



dST



16



20



25



32



36



40



50



63



80



AKR [cm ]



2.90



4.90



7.66



11.60



18.20



18.60



30.60



47.70



72.40



M actual value



1.69



1.64



1.64



1.69



1.55



1.68



1.64



1.66



1.69



dST



18



22



28



36



40



45



56



70



90



AKR [cm ]



2.36



4.24



6.41



9.46



15.70



15.30



25.60



40.00



59.10



M actual value



2.08



1.90



1.96



2.08



1.80



2.04



1.96



1.96



2.08



dST



20



25



32



40



45



50



63



80



100



AKR [cm ]



1.77



3.13



4.52



7.07



12.30



11.50



19.10



28.40



44.20



M actual value



2.78



2.57



2.78



2.78



2.30



2.70



2.64



2.78



2.78



dST



–



–



–



45



55



56



70



90



110



AKR [cm ]



–



–



–



3.73



4.54



6.54



11.80



14.90



27.70



M actual value



–



–



–



5.26



6.20



4.77



4.27



5.26



4.43



dk 2



2



1.4



2



1.6



2



2



2



2.5



2



5



2



Table 5.5: Surface area ratio M (excerpt from ISO 3320)



5.1.8 Resistance to buckling



Resistance to buckling according to Euler must be taken into consideration when determining piston rod diameter and stroke length. Tables are available from the manufacturers to this end. When the cylinder is installed, it must be assured that no twisting is possible. Furthermore, force must act in the cylinder’s axial direction. Free buckling length lK depends on the load case.
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For the pushing load, permissible buckling force FK-permissible can be calculated as follows: S2 ˜ E ˜ l



FK-permissible



lK2 ˜ v



E module of elasticity [



daN cm2



] (for steel = 2.1 ·106), I area moment [cm4],



lK free buckling length [cm], Ȟ safety factor of 2.5 bis 3.5 Case 1



Case 2 (basic case)



Case 3



Case 4



One end free, one end securely clamped



Both ends hinged



One end hinged, one end securely clamped



Both ends securely clamped



2l



lK



l



m



lK



l˜



1 2



m



F



lK



l



l



l



F



l



l



l l



l lK



m



F



m



F



1 2



Table 5.6: Clamping cases according to Euler



Cylinders are only laid out for tensile and pressure force. Lateral forces must be absorbed by means of guides. The way the cylinder is mounted and installed determines which case according to Euler applies. Length l is calculated as of the screw-mounting surface or other fixed bearing options (pivot pin etc.). If the flange or pivot pin is, for example, on the cylinder’s head, length l is calculated from this point. Installation cases three and four should be avoided if at all possible. If load guidance is not highly accurate in these cases, twisting may occur.
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5.1.9 Selecting a cylinder Hoist example



A differential cylinder with a piston diameter of dK = 63 mm and a surface area ratio M of 2:1 needs to lift a load of 40 kN by 500 mm in 5 seconds. Take piston rod diameter dST for this piston diameter dK from Table 5.5. Based on piston rod diameter dST, determine maximum possible stroke length based on the buckling resistance diagram.



Figure 5.6: Hoist



Surface area ratio M = 2:1 for piston rod diameter dST = 45 mm is taken from Table 5.5. Based on the buckling resistance diagram (Figure 5.7), a maximum stroke length of 1440 mm is determined for a load of 40 kN and piston rod diameter dST = 45 mm. If the respective task did not necessitate a surface area ratio of 2:1, a smaller dimension could be selected for dST. Based on its geometric values, the cylinder is suitable for the hoist.
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FST
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4
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Figure 5.7: Buckling resistance diagram (safety factor Ȟ has already been included)



5.2 Hydraulic motors



Hydraulic motors convert hydraulic energy into mechanical energy and cause rotary motion (rotary drive). If rotary motion is confined to a certain angle range, we speak of oscillating motors. As a rule, hydraulic motors have the same engineering design as hydro pumps. They are subdivided into: x Fixed displacement motors Constant displacement volume x Adjustable motors Adjustable displacement volume
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These basic types include several different variants. Hydraulic motors



Geared motor



Vane motor



Piston motor



External gear motor



Internally pressurised



Radial piston motor



Internal gear motor



Externally pressurised



Axial piston motor



Annular gear motor



Constant displacement motor



Constant displacement and variable displacement motors



Figure 5.8: Hydraulic motors – overview



Hydraulic motors have the same characteristic values as pumps. Displacement volume is specified in cubic centimetres per revolution by hydraulic motor manufacturers, and the speed range within which the motor works efficiently is indicated as well. The following applies to hydraulic motor displacement volume:



p



M and q V



n˜v



p pressure [Pa], M torque [Nm], V displacement volume [cm3], q volumetric flow rate [dm3/min], n speed [rpm]



The volumetric flow rate required by the motor is calculated on the basis of the displacement volume and the desired speed in rpm.
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Example A hydraulic motor with a displacement volume of V = 12.9 cubic cm is operated with a pump delivery rate of q = 15 cubic dm per minute. Torque M amounts to 1 at the resulting speed in rpm. What is speed in rpm n and specified power P? Calculate output torque when the motor is greatly decelerated,



resulting in a pressure level of 140 bar (140 · 105 Pa). Calculating speed in rpm n



From q n



n ˜ V we obtain n



q V



15 dm3



15 ˜103 m3



12.9 cm3 ˜ min



12.9 ˜106 m3 min



1163 min -1



Calculating power P in watts P Z˜ M 2 ˜ S ˜ n ˜ M P



2 ˜ S ˜ 1163 min1 ˜ 1 Nm



P



2 ˜ S ˜ 1163 ˜ 1 Nm s 60



122 W



Calculating torque M at maximum supply pressure (pmax = 140 ·105 Pa) M From p we obtain M p ˜ V V



M



140 ˜ 105 Pa ˜ 12.9 ˜ 106 m3



M



1806 ˜ 101 Nm 180.6 Nm



140 ˜ 105 ˜ 12.9 ˜ 106



N m3 m2



Mechanical-hydraulic efficiency and volumetric efficiency have not been taken into consideration in these calculations.
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6 Characteristic values and designs of hydraulic valves In hydraulic systems, energy is transferred from the pump to the consuming devices via appropriate hydraulic lines. In order to reach the required values – force or torque, speed or rpm, and direction of motion – at the consuming devices, and to maintain the system’s specified operating conditions, valves are installed into the hydraulic lines as energy control components. These valves control or regulate pressure and the volumetric flow rate. Every valve represents resistance as well. Valves are classified based on various factors: • Functions • Design



•



Actuation type



Depending on the functions which have to be fulfilled by the valves in the hydraulic system, we use: • Pressure regulators • Shut-off valves • Directional control valves • Flow control valves



6.1 Characteristic values of valves



Valves are specified by means of the following characteristic values: x Nominal size NG Nominal diameter in mm: 4, 6, 10, 16, 20, 22, 25, 30, 32, 40, 50, 52, 63, 82, 100, 102 x Nominal pressure NP (operating pressure) Pressure in bar (Pascal) for which hydraulic devices and systems have been laid out in order to fulfil defined operating conditions. x Nominal flow rate qn Quantity of hydraulic fluid (l/min.) which flows through the valves with a pressure drop of 'p = 1 bar (fluid viscosity: 35 mm2/s at 40 °C). x Max. flow rate qmax Largest quantity of hydraulic fluid (l/min.) which can flow through the valve with accordingly high pressure drops. x Viscosity range e.g. 20 to 230 mm2/s (cSt) x Hydraulic fluid temperature range e.g. 10 to 80 °C
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6.2 Actuating force



Left: high actuating force Right: low actuating force Figure 6.1: Valve actuating forces



For some types of poppet valves, actuating force may be quite high depending on pressure and surface area. In order to avoid this, pressure must be equalised at the valves (Figure 6.1, right). However, in most cases it’s not possible to design poppet valves with pressure compensation. Switching forces are thus required which have to be achieved by means of mechanical leverage or piloting. Hydraulic fluid flows around the valve’s control edges, and contamination particle are rinsed away as a result (self-cleaning effect). For this reason, poppet valves are relatively insensitive to contamination. However, if a contamination particle is deposited on the seat, the valve remains open by a small gap. This results in cavitation.



Figure 6.2: Ring grooves



The piston is pressed against the opening in the housing by pressure in the valve. This results in considerable friction forces and this high actuating forces. Pressure is equalised by ring grooves around the piston’s circumference. The piston floats on a film of hydraulic fluid. Only viscous friction now needs to be overcome during actuation.



6.3 Designs



We differentiate between poppet valve and slide valve designs. Overlapping and control edge geometries are also important with regard to the valve’s switching characteristics.



Figure 6.3: Valve designs – cutaway views; left: poppet concept, right: slide concept
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6.3.1 Poppet valves



In the case of poppet valves, a ball, a cone or a disc, used as a sealing component, is pressed against the seat. Valves of this type are leak-proof when closed. Due to the poppet concept, no more than three ways can opened or closed with a single control element at a single device. This means that valves with more than three ways have to be comprised of more than one control element. Overlapping is negative in this case. Example



A 4/2-way valve of poppet design may internally consist of two 3/2-way valves. Valve type



Ball poppet valves



Sectional view



Advantages and disadvantages / usage



• Easy to manufacture • Ball tends to vibrate and generates noise during flow. – Non-return valves



Bevel, seat valves



• Production of the bevel necessitate high levels of precision. • Good sealing. – Directional control valves



Disc poppet valves



• Small stroke range. – Shut-off valves



Table 6.1: Poppet valves
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6.3.2 Slide valves



We differentiate between longitudinal and rotary slide valves. The rotary slide valve consists of one or more pistons which are turned within a cylindrical hole. As a rule, rotary slide valves are shorter than longitudinal slide valves when used as directional control valves.



Figure 6.4: Rotary slide valve



The longitudinal slide valve consists of one or more adjoining pistons which are moved back and forth axially within a cylindrical hole. Any number of connecting ducts can be opened, connected to each other or closed by moving these pistons. 3-way pressure regulators, as well as 6/4-way valves, can be implemented with this concept. A P



T



Figure 6.5: Longitudinal slide valves – circuit symbol



Only frictional and spring forces need to be overcome in order to actuate a longitudinal slide valve. Forces which result from applied pressure are equalised by the opposing surface areas.



FF FB



F1



L



F2



P



L



Figure 6.6: Slide valves – forces; FB actuating force, F1, F2 forces applied to the valve pistons, FF spring force
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Slides must be installed with a certain amount of backlash. This backlash results in a continuous flow of leakage oil, thus resulting in volumetric flow losses at the valve. The spring chamber must be connected to a leakage oil line for this reason. In order to assure that the piston is not pressed against the walls, the outside surface of the piston is furnished with slots around its circumference. If the hydraulic fluid is contaminated, contamination particles are deposited between the slide and the bore. They act like emery and enlarge the bore. This results in increased leakage of hydraulic fluid. Poppet valve characteristics



Slide valve characteristics



Leak-proof sealing



Leakage oil



Insensitive to contamination



Sensitive to contamination



Complex design of multi-position valves



Simple design of multi-position valves



Pressure must be equalised



Equalised pressure



Short actuation stroke



Long actuation stroke



Table 6.2: Comparison of valve designs



6.4 Switching overlap



A valve’s switching performance is determined by switching overlap. We distinguish amongst positive, negative and zero overlap. The individual control edges of a control piston may also be variously overlapped.



>0



0) During switching, all ports are closed to each other briefly; pressure does not collapse (important for systems with accumulator); switching impacts due to pressure peaks; hard start-up. x Negative switching overlap (< 0) All ports are briefly connected to each other during switching; pressure collapses briefly (the applied load sinks). x Initial opening of the pressure line The pump is first of all connected to the power component, and then the power component’s discharge line is connected to the tank. x Initial opening of the discharge line The power component’s discharge line is vented to the tank before the supply line is connected to the pump. x Zero overlap (= 0) The edges are aligned. This is important for fast switching and short switching travel. In the case of multi-position valves, switching overlap may vary within a valve in a user-specific manner. Switching overlap can be matched to specified requirements in this way. In the event that repairs become necessary, it must therefore be assured that the new piston demonstrates the same overlapping characteristics as the old one. The effects of positive and negative overlapping in a 3/2-way valve are illustrated in the following:



A



A



P



T



P
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P
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T



P



T



Figure 6.8: Effects of overlapping; left: positive switching overlap, right: negative switching overlap
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x



In the case of positive switching overlap (Figure 6.8, left) all ports are briefly closed in the transitional position. If the valve piston is advanced further, system pressure acts immediately on any connected cylinder. This results in a hard start-up. In the case of negative switching overlap (Figure 6.8, right) all ports are briefly connected with each other in the transitional position. The system is relieved during switching. This results in a gentle pressure build-up during start-up.



x



A



X1



B



X2



X3



T



X4



P



T



Figure 6.9: Switching overlap with poppet valves



In the case of slide valves, switching overlap is determined by the geometry of the control edges and the rigid connection of the control pistons. In the case of poppet valves, desired switching overlap is obtained by means of various response times for the individual valves and, if necessary, can be changed as desired by changing the actuation times.



6.5 Control edges



The piston’s control edges are frequently sharp and include a chamfer or a notch. The profile of the control edge is laid out so that volumetric flow is reduced gradually instead of abruptly. 1



2



3



Figure 6.10: Control edges; 1: sharp control edge, 2: control edge with chamfer, 3: control edge with axial notches
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7 Pressure regulators Pressure regulators control and regulate pressure in the overall hydraulic system, as well as in subsections. According to their functions, pressure regulators are subdivided into the following types: x Pressure-relief valves The pressure of any given system is selected and limited with these valves. Pilot pressure is detected at the valve’s inlet (P). x Pressure-reducing valves These valves reduce output pressure for varying supply pressure levels. Pilot pressure is sensed at the valve’s outlet port.



7.1 Pressure-relief valves



Pressure-relief valves are laid out as poppet valves or slide valves. When these valves are in the neutral position, x A sealing element is pressed against the inlet port, or x A slide is pushed over the tank connection opening by means of a compression spring P
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Figure 7.1: Pressure-relief valves – cutaway views and circuit symbols; left: poppet valve, internally actuated, right: slide valve, externally actuated



Pressure-relief valves function in accordance with the following principle: x Supply pressure (p) acts upon the surface of the valve element and generates a force of F = p1 · A1 x The spring force which presses the valve element against the seat can be adjusted. x If force generated by supply pressure exceeds spring force, the valve starts opening. As a result, some of the hydraulic fluid flows to the tank. If supply pressure is further increased, the valve continues to open until the entire volume delivered by the pump is discharged to the tank. x Resistance at the outlet (line to the tank, return filter etc.) acts upon surface area A2. Resulting force must be added to spring force.
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Cushioning pistons or restrictors are often integrated into pressure-relief valves in order to prevent pressure fluctuation. These cushioning devices have the following effects: x Fast opening and x Slow closing of the valve This is intended to prevent damage due to hydraulic shock (soft valve function). Hydraulic shock occurs when the pump delivers hydraulic fluid to the nearly pressure-free hydraulic circuit, and a directional control valve abruptly closes the port to the consuming device. Pressure-relief valves are used as: x Safety valves A pressure-relief valve which is mounted to a pump in order to protect it from overloading, for example, is designated a safety valve. This valve is permanently set to the pump’s maximum pressure. It only opens in case of emergency. x Counter-pressure valves These valves counteract inertia which results from pulling loads. The valve must equalise pressure and the tank port must be able to withstand pressurisation. x Brake valves These valves prevent pressure peaks which can occur as the result of inertia forces in the event that the directional control valve is abruptly closed. x Sequence valves (pressure sequence valves, pressure sequence valves) These valves open connections to further consuming devices when the selected pressure level is exceeded. There are internally and externally actuated pressure-relief valves. Poppet and slide type pressure-relief valves can only be used as sequence valves if they are pressure equalised so that loads at the tank port have no effect on opening characteristics.
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m



P m



P T A



T A



P
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1 160 bar
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2 20 bar



T



T



P



3 100 bar



T



P



4 100 bar



T



4 100 bar



Figure 7.2: Application examples for pressure-relief valves; 1: brake valve, 2: counter-pressure valve, 3: system pressure relief, 4: safety valve



7.2 Pressure-reducing valves



Pressure-reducing valves reduce input pressure to the specified output pressure. They’re used when various pressure levels are required in a single system. The mode of operation of the pressure-reducing valve is explained using an example based on two control circuits: x The first control circuit acts upon a hydraulic motor, which drives a roller via a flow control valve. Multilayer panels are bonded together with the help of the roller. x The second control circuit acts upon a hydraulic cylinder which pulls the roller onto the panel using reduced, adjustable pressure. The roller can be lifted by the cylinder in order to insert the panels (piston rod advances). The 2-way pressure-reducing valve functions in accordance with the following principle: x The valve is open in the neutral position. Output pressure at A is applied to the piston surface (1) via pilot line (3). Resulting force is compared with the selected spring force. x If force at the piston surface exceeds the selected value, the valve starts closing because the valve slide pushes against the spring until equilibrium of forces prevails. As a result, the throttle gap (2) is reduced and pressure drops off. x If pressure at output A continues to rise, the piston is closed entirely. Pressure at input P is the same as in the first control circuit.
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Figure 7.3: 2-way pressure-reducing valve; left: cutaway views and circuit symbol, 1: piston surface, 2: throttle gap, 3: pilot line, right: sample circuit diagram



In the case of slide valves, opening performance can be influenced by appropriately designing the control edges such that the opening gap only gradually becomes larger. This results in greater control precision and improves the valve’s vibration characteristics. The 2-way pressure-reducing valve is used, for example, where constant low pressure is required in a branch circuit of the hydraulic system for a clamping device. However, problems may occur with the 2-way pressure-reducing valve in the example depicted here. If the 2-way pressure-reducing valve has been closed, thick spots in the workpiece’s material cause pressure to increase further at output A of the pressure-reducing valve. This increase to above the selected value is undesirable. This can be remedied by installing a pressure-relief valve at the output.
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Figure 7.4: Pressure-relief valve for preventing pressure increases
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The pressure-relief valve can be adjusted in different ways: x Adjustment of the pressure-relief valve to a greater value than the pressure-reducing valve x Adjustment of the pressure-relief valve to the same value as the pressure-reducing valve x Adjustment of the pressure-relief valve to a lower value than the pressure-reducing valve
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These settings have different effects on the performance of the pressure-reducing valve. The 2-way pressure-reducing valve is used only seldom in actual practice. Regulation from a high to a low pressure setting is not possible due to its design. Another way to eliminate these pressure increases is to use a 3-way pressure-reducing valve. A A P T



T



P



L



As regards flow from P to A, the mode of operation of the 3-way pressure-reducing valve is identical to that of the 2-way pressure-reducing valve.



L



Figure 7.5: 3-way pressure-reducing valve – cutaway view and circuit symbol



However, a pressure rise at outlet port A resulting from the selected pressure causes the piston to advance further. The integrated pressure limiting function is triggered and opens flow from A to T. Note



In the case of the 3-way pressure-reducing valve, overlap is a function of engineering design. Overlap is adjustable for the 2-way pressure-reducing valve in combination with a pressure-relief valve.
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8 Directional control valves 8.1 Functions



Directional control valves are components which change, open or close flow paths in hydraulic systems. Directional control valves are depicted in accordance with ISO 1219-1. The main functions of directional control valves include: x Activating and shutting off hydraulic energy supply x Control of motion executed by power components by stopping and starting flow, or by changing the direction of flow Directional control valves are subdivided into continuously working and binary directional control valves. x Continuously working directional control valves In addition to two end-positions, these valves can have any number of intermediate switching positions with different flow control effects. They include proportional and servo-valves. x Binary directional control valves These valves always have a fixed number of switching positions. In actual practice, they are simply called way valves. Way valves are depicted in accordance with their respective number of ports and switching positions: x 2/2-way valve x 4/2-way valve x 3/2-way valve x 4/3-way valve



8.2 Design 8.2.1 Directional control valve designs



Directional control valves are manufactured in numerous variants and sizes to meet the different requirements of industrial applications. Directional control valves are subdivided according to: x Mode of operation, i.e. throttling and non-throttling directional control valves x Design, i.e. slide and poppet valves x Type of mounting and connection, i.e. surface-mounted und cartridge valves A step-by-step approach is advisable when selecting valves. x First of all, valve type is determined based on the application and required performance in the event of power failure. x Next, the valve that meets the specified requirements with the lowest possible overall costs is determined based on the performance data listed in the manufacturers’ catalogues. Not only the costs of the valve, but rather also the costs of operation, installation, maintenance, replacement parts warehousing etc. must be taken into consideration.
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The most frequently used valve types, their circuit symbols and their applications are summarised below. Valve type



Symbol



Applications A



Directly actuated, 2/2-way hand lever valve with detent



Shut-off function



P



Single-acting linear cylinder, activating and shutting off hydraulic fluid



Directly actuated, 3/2-way solenoid valve with spring return A



Normally closed P



T



A



Normally open P



Directly actuated, 4/2-way hand lever valve with spring return



T A



B



P



T



Double-acting linear cylinder



Directly actuated, 4/3-way solenoid valve with spring return With closed position



With bypass position



With floating position, tank port closed



With floating position, pump port closed



Directly actuated 4/2-way double solenoid valve



A



B



P



T



A



B



P



T



A



B



P



T



A



B



P



T



Double-acting linear cylinder or motor with intermediate stop, with latching circuit, with rapid traversing circuit, with inhibition circuit or with special requirements for performance in the event of power failure



A



B



P



T



Double-acting linear cylinder or motor



Table 8.1: Applications and circuit symbols for manually and solenoid actuated directional control valves
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8 Directional control valves



If a valve with all of the desired characteristics is not available, ports can be switched, for example, in order to obtain certain performance characteristics, or a valve with a different number of ports can be used. x In order to implement the function of a 2/2-way solenoid valve with a 4/2-way solenoid valve, two of its ports are closed off. x In order to implement the function of a 3/2-way double solenoid valve with a 4/2-way double solenoid valve, one of its ports for consuming devices is closed off.



8.2.2 Connection options for directional control valves



In order to do justice to different installation situations, solenoid actuated directional control valves are available with two different connection options. Cartridge valves are self-retaining screw-in valves with screw-in cartridge. All of the valve’s functional



elements are included in the cartridge. There is no housing. Cartridge valves are usually connected as loosely joined plug-in valves to a valve manifold used as a common housing. This results in a compact hydraulic system with minimal amounts of piping and various degrees of integration. Surface-mounted valves are screwed onto a sub-base with a sealed joining surface. The sub-base is



furnished with a uniform port pattern. The port patterns for the individual nominal sizes are specified in accordance with ISO 4401. Connection is established indirectly by screwing the pipe firmly into the sub-base with the help of a connector. The advantages of this type of connection are as follows: x Valves can be easily removed for maintenance. x Valves from different manufacturers can be mounted to sub-bases. x The ports are all in a single plane, and the screwing/sealing surface is flat. x Furthermore, ports can open out at various sides of the valve. x Sealing of the connections with flexible sealing rings is highly reliable.
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Figure 8.1: NG 10 and NG 6 port patterns, used with preference for directional control valves
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8.2.3 Performance data for 4/3-way solenoid valves



Hydraulic performance data and operating conditions are summarised in the following table for 4/3-way solenoid valves. Valve type



Connection type



Directly actuated



Directly actuated



Pilot actuated



Pilot actuated



4/3-way solenoid valve, NG 4



4/3-way solenoid valve, NG 10



4/3-way solenoid valve, NG 10



4/3-way solenoid valve, NG 16



Surface-mounted valve



Surface-mounted valve



Surface-mounted valve



Surface-mounted valve



Circuit symbol



A



B



A



B



P



T



P



T



Max. operating pressure to P/A/B



250 bar (25 MPa)



320 bar (32 MPa)



320 bar (32 MPa)



320 bar (32 MPa)



Max. operating pressure to T



250 bar (25 MPa)



160 bar (16 MPa)



70 bar (7 MPa)



160 bar (16 MPa)



Min. pilot pressure



10 bar (1 MPa)



5 bar (0.5 MPa)



Max. pilot pressure



250 bar (25 MPa)



210 bar (21 MPa)



Max. flow rate



20 l/min.



100 l/min.



120 l/min.



300 l/min.



Switching times (DC solenoid) Energize De-energize



20 ms 40 ms



60 – 95 ms 25 – 70 ms



20 ms 50 ms



50 ms 60 ms



Temperature of the pressure 0 to +60 °C medium



0 to +75 °C



0 to +75 °C



-20 to +70 °C



Ambient temperature



-25 to +60 °C



-20 to +50 °C



-20 to +50 °C



-25 to +60 °C



Table 8.2: Hydraulic performance data for solenoid actuated directional control valves (ARON SpA)



8.3 Actuation methods for directional control valves



The actuation method of the directional control valves depends on system requirements. They include: x Manually operated x Solenoid actuated x Mechanically actuated x Combinations of the above A complete description of a directional control valve in the hydraulic circuit diagram includes: x Basic actuation method of the valve x Pilot control (if included) x Reset method x Additional actuation options (e.g. manual override, if included) Each actuation symbol is included next to the switching position that corresponds to its direction of action.
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Function



Circuit symbol



Manual operation



By pressing



By means of a lever



Mechanical operation



By means of a stem



By means of a roller



Solenoid actuation



By means of a solenoid coil



Combined actuation



Piloted valve, solenoid actuated at both sides, manual override Mechanical components



Spring return



Table 8.3: Actuation methods for directional control valves



8.3.1 Manually and mechanically actuated directional control valves



The valve piston of the directional control valve is actuated manually or by means of mechanical components. x x x
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By means of a hand lever directional control valves are actuated. If the valve is actuated by means of a stem or a roller, a trip cam, cam disc or guide bar is required. A spring causes the valve piston to return to its initial position if the switching position of the valve is not retained by means of a detent.
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8 Directional control valves



8.3.2 Solenoid actuated directional control valves



An electro-hydraulic controller works with two different forms of energy: x Electrical energy (electrical current) in the signal control section and x Hydraulic energy (hydraulic fluid) in the power section Solenoid actuated directional control valves form the interface between the two sections of the electrohydraulic control system. They’re switched by means of the output signals from the signal control section, and they shut off or open connections in the hydraulic power section.



8.3.3 Power failures and wire breaks with solenoid actuated directional control valves



An electro-hydraulic controller should be designed such that the system and the workpieces are not damaged due to uncontrolled drive motion in the event of a power failure or a broken wire. The performance of a hydraulic cylinder under these operating conditions can be determined by selecting the appropriate solenoid way valve. Valve type



Performance in the event of electrical power failure of wire break



3/2 or 4/2-way solenoid valve with spring return



A 3/2 or 4/2-way solenoid valve with spring return is switched to the neutral position and the cylinder’s piston rod is returned to its initial position.



4/3-way solenoid valve, spring centred



A spring centred 4/3-way solenoid valve is also switched to the neutral position. If the ports for consuming devices are connected to the tank in the valve’s neutral position and if the pump port is closed, the cylinder is force-free. If the ports to consuming devices are closed and if the pump and tank ports are connected to each other, the pump continues to run without pressure and returns the hydraulic fluid directly to the tank. If all ports are closed, piston rod motion is interrupted.



4/2-way double solenoid valve with detent



Double solenoid valves retain their switching position. The piston rod completes already started motion.



Table 8.4: Performance of an electro-hydraulic controller in the event of power failure or wire break



Manual override



Manual override makes it possible to actuate the solenoid valve without electrical energy. Typically, it’s used during commissioning or in the event that the normal actuating device fails and is activated manually.
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8 Directional control valves



8.4 2/2-way valves



The 2/2-way valve is equipped with one pressure supply port P and one working port A (see Figure 8.2). It’s capable of controlling volumetric flow by opening or closing its cross-section. A
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Figure 8.2: 2/2-way valves – basic layout, cutaway views and circuit symbols; left: slide valve, right: poppet valve, top: normal position: flow from P Æ A closed, bottom: actuated position: flow from P Æ A



Poppet valves are frequently depicted in the circuit symbol with the seat included in the symbol. This type of representation is not standard.
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Figure 8.3: 2/2-way valve, poppet design – circuit symbol



2/2-way valves are available with normally open position.



Applications x Actuation of single-acting cylinders x Bypassing, e.g. rapid traversing circuit, pressure-free pump recirculation x Opening and closing various flow control valves and pressure regulators (pressure sequence circuit) x Controlling a motor in one direction



8.4.1 2/2-way stem actuated valve



The 2/2-way stem actuated valve is used to regulate volumetric flow and is mechanically actuated. The valve depicted below can be converted to different neutral positions. x x
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Neutral position: The spring (6) presses the piston (4) against the limit stop. Flow from P Æ A. Actuated position: The valve is actuated via the ball bearing (1), the stem (2) and the rod (3) on the piston (4) against the spring (6). No flow from P Æ A.
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Figure 8.4: 2/2-way stem actuated valve – cutaway view and circuit symbol; 1: ball bearing, 2: stem, 3: rod, 4: piston, 5: spring disc, 6: spring



8.5 3/2-way valves



The 2/2-way valve is equipped with one pressure supply port P, one working port A and one tank port T. It controls volumetric flow by means of the following switching positions: x Neutral position: P is blocked and flow is enabled from A to T. x Actuated position: Exhaust port T is blocked and flow is enabled from P to A. A
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Figure 8.5: 3/2-way valve – basic layout, cutaway view and circuit symbol



3/2-way valves are also available with normally open position. 2 l/min



4 l/min



Applications x Actuation of single-acting cylinders x Switching shunts



Figure 8.6: Shunt application
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8 Directional control valves



8.5.1 Directly actuated 3/2-way solenoid valve with spring return



In the case of directly actuated solenoid valves, the valve piston is actuated directly by a solenoid without any intermediate amplification. Figure 8.7 shows two cutaway views of a directly actuated 3/2-way solenoid valve. The valve is equipped with one working port A, one pressure supply port P and one tank port T. The attached DC solenoid is switched in the hydraulic fluid and is known as a wet solenoid. The armature works within the hydraulic fluid. The armature chamber is connected to the tank port. x In the neutral position, working port A is connected to tank port T. Pressure supply port P is closed. x When an electric current flows through the solenoid coil, the magnetic field exerts a force on the armature. The armature presses the piston against the spring at the opposite end via the armature. Port P is connected to port A as a result, and tank port T is closed. x When the solenoid coil is de-energised, the spring force causes the armature to move back to its neutral position. The connection between ports P and A is closed, but the connection between ports A and T is open. Hydraulic fluid is discharged via port T. A
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Figure 8.7: Directly actuated 3/2-way solenoid valve with manual override, normally closed; left: unactuated, right: actuated; 1: stem, 2: spring disc, 3: piston, 4: housing, 5: spring, 6: solenoid coil, 7: armature, 8: manual override



3/2-way valves are available in variants with normally closed and normally open neutral position. In actual industrial practice, the function of a 3/2-way valve is usually implemented with a 4/2-way valve for cost reasons by closing off one of the working ports.
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8 Directional control valves



8.6 4/2-way valves



The 4/2-way valve is equipped with two working ports A and B, one pressure supply port P and one tank port T. It controls volumetric flow by means of the following switching positions: x Neutral position: Flow from P to B, as well as from A to T, is enabled. x Actuated position: Flow from P to A, as well as from B to T, is enabled.
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Figure 8.8: 4/2-way valve – basic layout, cutaway views and circuit symbols; left: with 3 control pistons, right: with 2 control pistons



4/2-way valves are also produced with two control pistons. These valves do not require any oil return ports. The fact that tank port T and working ports A and B are led out via the valve’s end cap must be taken into consideration for this variant. For this reason, a lower maximum pressure is always specified for tank port T than for the pressure side in the data sheets for these valves, because pressure at this ports acts upon the end cap. 4/2-way valves are laid out most simply as slide valves. In contrast to these, 4/2-way valves in poppet design are complex because they are made up of two 3/2 or four 2/2-way valves. Applications x Actuation of double-acting cylinders x Control of motors which can be operated in both the anticlockwise and clockwise directions x Control of two circuits
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8 Directional control valves



8.6.1 Transitional positions



Transitional positions are important with regard to valve selection. They’re specified in comprehensive representations of graphic symbols for this reason. Since these are not actual switching positions, the respective boxes in the graphic symbols are drawn with dashed lines.



Figure 8.9: Transitional position, 4/2-way valve; left: positive switching overlap, right: negative switching overlap



8.6.2 4/2-way hand lever valve with spring return



Figure 8.10 shows the neutral position of a die 4/2-way hand lever valve. The valve is used to control hydraulic volumetric flow. The valve has two working ports A and B, one pressure supply port P and one tank port T. x x



Neutral position (lever position 0): In the neutral position, the piston is held in the left end-position by the spring (3). Flow is thus enabled from P Æ B and from A Æ T. Actuated position (lever position I): The piston is pressed against the spring by the lever (5) via the slide (4) and the stem (3). Flow is thus enabled from P Æ A and from B Æ T. I
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Figure 8.10: 4/2-way hand lever valve with spring return – cutaway view and circuit symbol; 1: piston, 2: spring, 3: stem, 4: slide, 5: lever
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8 Directional control valves



8.6.3 Directly actuated 4/2-way double solenoid valve with detent



Figure 8.11 and Figure 8.12 show the two switching positions of a directly actuated 4/2-way double solenoid valve. The switching positions are reversed by briefly applying voltage to the coil of the respective solenoid. The valve has two working ports A and B, one pressure supply port P and one tank port T. The attached DC solenoid is a wet solenoid. The armature works within the hydraulic fluid. The armature chamber is connected to the tank port. When the valve piston is at the left-hand limit stop, flow is enabled from P to B, as well as from A to T. x



x



Solenoid coil M1 energised: When voltage is applied briefly to left-hand solenoid coil M1, the armature (2) pushes the valve piston (6) into the other end-position. Flow from P to A, as well as from B to T, is enabled. This position is retained by means of a detent, even without electrical power. Solenoid coil M2 energised: If voltage is applied briefly to right-hand solenoid coil M2, flow from P to B, as well as from A to T, is enabled. This switching position is also retained by means of a detent. 1
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Figure 8.11: Directly actuated 4/2-way double solenoid valve with detent – cutaway view and circuit symbol; solenoid coil M2 briefly energised. 1: manual override, 2: armature, 3: solenoid coil, 4: armature, 5: spring disc, 6: piston, 7: detent
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Figure 8.12: Directly actuated 4/2-way double solenoid valve with detent – cutaway view and circuit symbol; solenoid coil M1 briefly energised



x



If neither of the solenoids is actuated, the valve piston is held in its last switching position by the detent. This also applies in the event that both solenoids are energised simultaneously, because in this case the two solenoids work against each other with equal force.



The valve piston’s switching position is not externally visible. A specific starting position is only made possible by applying an electrical pulse to the respectively correct solenoid.



8.7 4/3-way valves



4/3-way valves can be laid out in a simple manner as slide valves, or in a complex manner as poppet valves. 4/3-way valves in poppet design can be comprised, for example, of four individual 2-way valves.



T



A



P



B



A



B



P



T



L



L



T



A



P



B



A



B



P



T



L



L



Figure 8.13: 4/3-way valve – basic layout, cutaway views and circuit symbols; left: recirculating mid-position, right: mid-position closed
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The transitional positions can be specified for 4/3-way valves.



Figure 8.14: Transitional positions – example



If more than one control chain needs to be operated, 4/3-way valves with mid-position closed can be used for actuating the individual control chains. If switching to pump recirculation is required while the system is ready for operation, this function is implemented with a 2/2-way valve. Application x Actuation of double-acting cylinders or motor control (stop, clockwise, anticlockwise).



8.7.1 4/3-way solenoid valve, spring centred, mid-position closed



The following figures show three switching positions for a directly actuated 4/3-way solenoid valve with mid-position closed. The valve has two working ports A and B, one pressure supply port P and one tank port T. The attached DC solenoid is a wet solenoid. The armature works within the hydraulic fluid. The armature chamber is connected to the tank port. x In the normal position, the two solenoid coils are not energised and the valve piston is centred at the mid-position by the two springs. x If voltage is applied to right-hand solenoid coil M2, the valve piston is pressed against the opposing spring. Flow from P to A, as well as from B to T, is enabled. x If voltage is applied to left-hand solenoid coil M1, the valve piston is moved in the other direction. Flow from P to B, as well as from A to T, is enabled. x Each of the activated switching positions is retained for as long as the respective solenoid coil is energised. If the flow of current is interrupted, the valve piston returns to its mid-position.
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Figure 8.15: Directly actuated 4/3-way solenoid valve, mid-position closed, neutral position – cutaway view and circuit symbol; 1: manual override, 2: armature, 3: solenoid coil, 4: stem, 5: spring disc, 6: piston, 7: spring
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Figure 8.16: Directly actuated 4/3-way solenoid valve: solenoid coil M2 energised



A



B



P



T



M1



T



A



P



M2



B



Figure 8.17: Directly actuated 4/3-way solenoid valve: solenoid coil M1 energised
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8 Directional control valves



8.7.2 Influence of the mid-position



Directional control valves with two switching positions (e.g. 3/2-way or 4/2-way valves) make it possible to both advance and retract a cylinder. Directional control valves with three switching positions (e.g. 4/3-way valves) offer more possibilities for cylinder actuation thanks to the additional mid-position. A motor can be used as an example instead of a cylinder. These valves can cause a motor to stop, or to run in the clockwise or anticlockwise direction. These expanded possibilities will be illustrated using three 4/3-way solenoid valves with different midpositions as an example. Cylinder performance when the directional control valve is switched to the midposition will be considered. x 4/3-way solenoid valve with mid-position closed: In the case of a 4/3-way solenoid valve which blocks all ports, the piston rod comes to a standstill. This is even the case if the piston rod is not at its limit stop. If the cylinder needs to reliably remain in its position for a lengthy period of time, a 4/3-way solenoid valve in poppet design, for example, must be used. Poppet valves are free of internal leakage. x 4/3-way solenoid valve with recirculating mid-position: In the case of a 4/3-way solenoid valve whose working ports are blocked, the piston comes to a standstill in its current position. The pump continues to run in a pressure-free manner, and returns the hydraulic fluid directly to the tank. No power loss occurs. This valve is preferred for controlling consuming devices which are not continuously in motion. x 4/3-way solenoid valve with relieving mid-position: If a 4/3-way solenoid valve is used whose working lines are connected directly to the tank, the drive cylinder’s piston does not apply any force to the piston rod. The piston rod can move freely.
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Figure 8.18: 4/3-way valve with different mid-positions – circuit symbol; 1: recirculating mid-position, 2: mid-position closed, 3: H midposition, 4: relieving mid-position (working line relieved), 5: bypass mid-position
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8.8 Pilot control of a directional control valve



With piloted directional control valves, the valve piston is indirectly actuated. Pilot actuated way valves consist of a main valve which is actuated by means of fluid pressure and a directly actuated pilot valve. Normally, the pilot valve is directly actuated by a solenoid. When the pilot valve is switched, the control signal is hydraulically boosted and the main control piston is advanced. Supply power for the pilot valve can be provided internally or externally. x Internally means: P and T are connected to the corresponding lines of the primary control stage. x Externally means: P is connected to port X, and T is connected to port Y at the primary stage. Figure 8.19 illustrates the function of the pilot stage. The function of the pilot valve is to direct hydraulic fluid to either both or one of the front surfaces of the piston in the main valve which is actuated by means of fluid pressure. In this way, significantly greater forces are available for reversing the main control piston than is the case with the directly actuated variant.



8.8.1 Piloted 4/3-way solenoid valve



Figure 8.19 shows the cutaway view of a solenoid actuated, piloted 4/3-way valve with mid-position closed. The way valve is of slide valve design. A 4/3-way solenoid valve with relieving mid-position is used as a pilot valve. x In the neutral position, the solenoid coils (M1 and M2) are de-energised and the main control piston is held in the mid-position by the springs (6.1, 6.2). The two spring chambers (4, 8) are connected to the tank via the pilot valve in a pressure-free manner. The pilot valve is supplied with control oil via the pilot line (3). x If right-hand solenoid coil M2 is energised, the pilot piston moves to the left. As a result, pilot pressure is also present in the left-hand spring chamber (8), and the right-hand spring chamber (4) remains pressure-free. Pilot pressure acts upon the left-hand surface of the main control piston and pushes it to the right against the spring (6.2), until it contacts the cap. As a result, port P is connected to port A, and port B is connected to port T in the main valve. This switching position is maintained for as long as electrical current flows through solenoid coil M2. x When solenoid coil M2 is de-energised, the pilot piston moves back to the mid-position. The spring chamber (8) is relieved. The spring (6.1) is now able to press the main control piston to the left until it makes contact with the spring disc at the spring (6.2). The piston is in the mid-position.
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x If solenoid coil M1 is energised, the pilot piston moves to the right. As a result, pilot pressure is also present in the right-hand spring chamber (4), and the left-hand spring chamber (8) remains pressure-free. Pilot pressure acts upon the right-hand surface of the main control piston and pushes it to the left against the spring (6.2), until it contacts the cap. As a result, flow is enabled from P to B, and from A to T, in the main valve. This switching position is maintained for as long as electrical current flows through solenoid coil M1. x When solenoid coil M1 is de-energised, the pilot piston moves back to the mid-position. The spring chamber (4) is relieved. The spring (6.2) is now able to press the main control piston to the right until it makes contact with the spring disc at the spring (6.1). The piston is in the mid-position.
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Figure 8.19: Pilot actuated 4/3-way solenoid valve with mid-position closed – cutaway view and circuit symbol; 1: pilot valve, 2: pilot piston, 3: pilot line, 4: right-hand spring chamber, 5: main valve, 6.1: right-hand spring, 6.2: right-hand spring, 7: main control piston, 8: left-hand spring chamber



A minimum pilot pressure is required in order to actuate the main control piston of a piloted valve against the spring force. This pressure is specified in the technical documentation for the valve and, depending on valve type, is approximately 5 bar.
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8 Directional control valves



8.8.2 Comparison of piloted and directly actuated solenoid valves



Directional control valves can be directly actuated or pilot actuated. Whether a valve is directly actuated or piloted depends above all on the magnitude of the required actuating force, and thus the size of the valve. In the case of a directly actuated solenoid valve, the valve piston, which controls flow to the consuming device, is set into motion directly by the force of the solenoid. The force required to actuate the valve piston increases along with the valve’s size and power. The size of the valve and the amount of power consumed by the solenoid increase along with magnetic force. As of a certain solenoid size, the use of directly actuated solenoid valves becomes inefficient. As a rule, directly actuated directional control valves are only available in nominal sizes of up to 10 for this reason. This applies to both poppet and slide valves. Pilot actuated valves are used in order to control larger amounts of hydraulic power. These valves are



usually laid out as slide valves. A pilot actuated directional control valve consists of the main valve and a smaller pilot valve. The pilot valve is directly actuated by a solenoid. When the pilot valve is switched, the control signal is hydraulically boosted and the main control piston is advanced. The solenoid in the pilot valve only has to exert enough force to manage a small amount of control oil. The solenoid used in a pilot actuated directional control valve can be smaller than for a directly actuated valve. Electrical power consumption and heat emission are lower as a result. Switch-on power for pilot actuated directional control valves with DC solenoid begins at about 3 W. Valves of this type can be actuated by control electronics, for example the output signal of a PLC. Pilot actuated valves have a favourable electrical energy balance. If we consider the hydraulic energy balance, this may be less favourable than with directly actuated valves because the utilised flow rates have to take the requirements of the pilot valves into account. If we compare the costs and space requirements of directly actuated and pilot actuated valves, we find that directly actuated solenoid way-valves take up less space and are less expensive than pilot actuated solenoid way-valves.
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9 Shut-off valves Shut-off valves block flow in one direction and allow for free flow in the other. Due to the fact that shut-off valves need to be absolutely leak-free, they are always laid out as poppet valves and designed in accordance with the following basic principle: A sealing element (usually a ball or a cone) is pressed against a corresponding seat. The valve can be opened by volumetric flow in the flow direction, which lifts the sealing element out of the seat. We differentiate between the following types of shut-off valves: x Non-return valve (load-free, spring-loaded) x Lockable and piloted non-return valves



9.1 Non-return valve 1
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Figure 9.1: Spring-loaded non-return valve – sectional view and circuit symbol; 1: compression spring, 2: sealing cone



If a pressure of p1 is applied to the sealing cone, it’s lifted out of the seat thus enabling flow, assuming the valve is not spring-loaded. Back pressure p2 must be overcome to this end. Because the non-return valve shown here is spring-loaded, spring force acts upon the sealing cone in addition to back pressure p2. Flow occurs where p1 ! p2  pF .



The following applies to the pressure which is applied by the spring: pF
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9 Shut-off valves



Applications



Figure 9.2 depicts possible applications for non-return valves. m
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Shut-off valve effective in one direction only (one-way flow control valve) Bypassing a pressure-relief valve Pump protection – load pressure cannot drive the pump in reverse when the electric motor is switched off. Pressure peaks which occur in the system do not affect the pump because they are eliminated by means of the pressure-relief valve.



Figure 9.2: Non-return valves – applications



9.2 Piloted non-return valve



In the case of piloted non-return valves, flow can be enabled in the blocked direction by opening the sealing cone. This is accomplished on the basis of the following principle: Flow from A to B is possible but flow is blocked from B to A. B
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Figure 9.3: Piloted non-return valve – cutaway views and circuit symbols; left to right: flow blocked from B to A, flow enabled from A to B, flow enabled from B to A
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9 Shut-off valves



If volumetric flow needs to take place from B to A, the sealing cone must be lifted out of its seat by means of the release piston. The release piston is pressurised via pilot port X. Alternately pressurising one port with hydraulic fluid, and then the other, causes the piston in the double-acting cylinder to advance and retract. The surface area ratio is 3:1 to 5:1. Piloted non-return valves are also set up with upstream pressure relief. m
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Figure 9.4: Piloted non-return valve – circuit diagrams



Function



The function of a piloted non-return valve within a hydraulic controller is explained using the circuit diagrams in Figure 9.4 as an example. In its neutral position, the 3/2-way valve blocks the flow of hydraulic fluid which is enabled at the piston rod side in the case of the 4/2-way valve. The piston rod is not retracted because flow is blocked by the nonreturn valve. After actuating the 3/2-way valve, the release piston is pressurised and the sealing element in the non-return valve is opened. This allows for discharge from the piston side to the tank via the 4/2-way valve. When the 4/2-way valve is actuated, flow occurs to the cylinder via the non-return valve – the piston rod advances. A piloted non-return valve which is open only closes when control oil from the pilot port can be discharged to the tank.
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9 Shut-off valves



For this reason, the use of a piloted non-return valve necessitates the use of a 4/3-way valve with midposition “working lines relieved”. In this mid-position, ports A and B are connected to T, and P is blocked. Pilot port X as well as port B at the non-return valve, are relieved. The non-return valve closes immediately as a result.



9.3 Piloted double non-return valve



Even in case of internal leakage, a load can be reliably positioned by the cylinder’s piston by using a piloted double non-return valve. However, reliable positioning is only possible with an upright cylinder. Positioning with a piloted double non-return valve is not possible with a suspended cylinder or a cylinder with through piston rod. A2
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Figure 9.5: Piloted double non-return valve – cutaway views and circuit symbol; left: closed, right: open



Function



Free flow is possible from A1 to A2 and from B1 to B2. Flow is blocked from A2 to A1 and from B2 to B1. If flow occurs through the valve from A1 to A2, the control piston is pushed to the right and the sealing cone is lifted out of its seat. This enables flow from B2 to B1. The valve functions in the same way in the event of flow from B1 to B2.
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10 Flow control valves Flow control valves are used to reduce cylinder speed or the rotational speed of a motor. Due to the fact that these quantities depend upon the volumetric flow rate, this must be reduced. However, constantdisplacement pumps maintain an unchanging flow rate. In accordance with their control or regulating functions, flow control valves are categorised as follows: x Flow regulators x Flow control valves Flow control valves
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Figure 10.1: Flow control and orifice valves – overview



10.1 Flow control and orifice valves



Flow regulating valves including flow control and orifice valves. Flow control and orifice valves create flow resistance. The amount of this resistance depends on flow cross-section and its shape, as well as the viscosity of the hydraulic fluid. When flow takes place through a flow resistance, pressure drop occurs due to friction and an increase in flow velocity. The partial pressure drop which results from this friction can be greatly reduced with a suitable orifice shape. In order to produce the desired resistance with an orifice, turbulence must be generated by increasing flow velocity.
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10 Flow control valves



The resistance of the orifice is thus a function of turbulence, and is viscosity-independent. For this reason, orifice valves are used wherever independence of temperature, and thus of viscosity, is required, for example in flow meters. Throttle



Orifice



Figure 10.2: Throttle and orifice – schematic diagram



A certain amount of pressure drop is required for some controllers. Flow control valves are used in these cases. Flow control and orifice valves regulate the volumetric flow rate in combination with a pressure-relief valve. Reducing the volumetric flow rate to the actuator is accomplished on the basis of the following principle (see Figure 10.3): A pressure increase is caused upstream from the flow control valve by reducing its flow cross-section. This causes the pressure-relief valve to open, thus resulting in a division of flow. Due to this division of flow, the quantity required for the desired speed in rpm flows to the power component and excessive flow is discharged via the pressure-relief valve. The portion of the volumetric flow which is not required is discharged at maximum pressure via the pressure relief valve – this results in considerable loss of energy. Variable-displacement pumps can be used to save energy. In this case, the rise in pressure acts upon an adjusting fixture in the pump. Just how much fluid flows through the throttle point depends on differential pressure 'p. The relationship between 'p and flow qConsumer corresponds to: 2 'p | qConsumer



Supply pressure to the valve is held constant by the pressure-relief valve. Differential pressure 'p varies as the result of load changes caused by the consuming device. Consequently, volumetric flow rate to the consuming device changes as well. Flow control valves work in a load-dependent manner.



They are thus unsuitable for setting up a constant volumetric flow rate where changing loads prevail.
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Figure 10.3: Flow control valve – principle of division of flow; left: circuit diagram, red circle: point at which flow is divided, right: characteristic curve



Adjustable flow control valves



The following criteria apply to adjustable flow control valves: x Creation of resistance x Unchanging resistance regardless of temperature changes in the hydraulic fluid, i.e. viscosityindependent x Precision adjustment – precision adjustment of a flow control valve depends on, amongst other factors, the ratio of cross-sectional surface area to surface circumference. x Inexpensive design The various design concepts for adjustable restrictor flow control valves fulfil the individual criteria to varying degrees.
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Type



Resistance



Dependence on viscosity



Adjustability



Design



Needletype throttle



Increased velocity, High due to high high friction friction component due to long component restricted passage



Unfavourably rapid crosssection enlargement with short adjusting travel, unfavourable ratio of surface to circumference



Inexpensive, simple design



Circumfere ntial throttle



Same as above



Same as above but less than with needletype throttle



Uniform cross-section enlargement, uniform ratio of surface to circumference, entire adjusting travel of only 90°



Inexpensive, simple design, more complex than needle-type throttle



Longitudin al throttle



Same as above



Same as above



Same as above but with precision adjustability thanks to longer adjusting travel



Same as circumferential throttle



Gap throttle



Increased velocity, low



Low



Unfavourable, uniform cross-



Cost-effective



Gap throttle with helix



Increased velocity, low friction component



section enlargement, adjusting travel of 180°



friction component due to short restricted passage



Low



Precision, uniform crosssection enlargement, adjusting travel of 360°



Expensive due to helix



Table 10.1: Adjustable flow control valves



10.2 One-way flow control valve



One-way flow control valves, for which the throttle is only active in one direction, represent a combination of a restrictor and a non-return valve. The restrictor controls volumetric flow rate in one direction depending on load. The entire flow cross-section is open in the other direction so that all of the hydraulic fluid delivered by the pump can be taken advantage of for return stroke motion.
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Function



The flow of hydraulic fluid is throttled in the A to B direction. As is also the case with throttles, division of flow takes place. Volumetric flow to the work element is reduced, and speed is decreased accordingly. Volumetric flow is not throttled in the other direction (from B to A), because the sealing cone in the nonreturn valve is lifted out of its seat and the entire flow cross-section is opened. The throttle point can be reduced in size or enlarged in the case of adjustable one-way flow control valves. 1 2 3 4



1 2 3 4



B



A



A



B



A



B



Figure 10.4: One-way flow control valve – cutaway views and circuit symbol



10.3 Flow control valves As explained in the section on flow regulating valves, there’s a relationship between pressure drop 'p and volumetric flow rate q: 'p ~ q2. If uniform volumetric flow rate to the consuming device is required with a changing load, pressure drop 'p over the throttle point must remain constant.



An adjustable throttle (2) which can be set to the desired volumetric flow rate, and a second throttle (1) (regulating throttle or pressure balance) which can change its resistance according to how much pressure is applied to the valve’s inlet and outlet such that pressure drop is held constant at the adjustable throttle (2), are therefore integrated into the flow control valve. In combination with the pressure-relief valve, overall resistance of both throttles causes division of flow.
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Figure 10.5: 2-way flow control valve – basic layout, cutaway views and circuit symbol; 1: regulating throttle, 2: adjustable throttle



The regulating throttle (1) can be installed either upstream or downstream from the adjustable restrictor (2). The valve is open in the neutral position. If fluid flows through it, supply pressure p1 occurs upstream from the adjustable throttle. Pressure drop 'p occurs at the adjustable throttle, i.e. p2 < p1. A spring must be installed to the F2 side in order to keep the regulating throttle in equilibrium. This spring results in constant differential pressure over the adjustable restrictor. If a load is applied to the valve’s outlet by the consuming device, the regulating throttle reduces resistance by the same amount by which load has been increased. During no-load operation, the regulating throttle is kept in equilibrium with the help of the spring and the valve offers additional resistance, which is adjusted by means of the adjustable restrictor in accordance with the desired volumetric flow rate. If pressure p3 rises at the valve’s outlet, pressure p2 rises as well. Differential pressure over the adjustable restrictor is changed as a result. At the same time, pressure p2 acts upon the surface of a piston AK2. The resulting force acts upon the regulating throttle in combination with spring force. The regulating throttle opens until equilibrium is once again established between forces F1 and F2, and pressure drop at the adjustable restrictor has thus also returned to its initial value. In the case of the 2-way flow control valve, unneeded residual flow is discharged to the tank, as is also the case with the restrictor.
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Figure 10.6: 2-way flow control valve – circuit diagram and cutaway view; 1: regulating throttle, 2: non-return valve, 3: adjustable throttle, 4: adjusting screw



If pressure p3 drops at the valve’s outlet, differential pressure 'p is increased. As a result, pressure applied to piston surface AK2 drops as well, and force F1 consequently becomes greater than force F2. The regulating throttle now closes until equilibrium is established between F1 and F2. The same regulating function works for changing supply pressure as well. In the case of changing input conditions, 'p remains constant over the adjustable throttle, as does volumetric flow to the consuming device. Functions of the regulating throttle



As explained above, the function of the regulating throttle is to equalise load changes at the inlet or the outlet by changing its flow resistance, and thus to maintain constant differential pressure over the adjustable throttle. Equilibrium of forces must prevail at the control piston, so that it can regulate itself to the changing loads, i.e. F1 = F2. F1 is a function of surface area AK1 and pressure p1. F2 is a function of surface area AK2 (which is equal to AK1) t and pressure p2.
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Since pressure p2 is reduced by an amount equal to the resistance offered by the adjustable throttle, a spring must be installed in order to obtain equilibrium. By rewriting the equations F1 = F2, AK1 = AK2 and F1 = AK1 · p1, F2 = AK2 · p2 + FF, and by inserting spring force, we arrive at FF ( p1  p2 ) ˜ AK1 . This means that constant spring force FF is equal to the product of differential pressure 'p and piston surface area AK1. This differential pressure, which occurs over the adjustable throttle, is thus always kept constant as demonstrated in the following example. Comment



In order to assure that the flow control valve functions to the greatest possible extent in a viscosityindependent manner, the adjustable throttle is laid out as an orifice in actual practice. F qConsumer = 3 l/min



qConsumer = 3 l/min



p3 = 5 bar



Dp = 139 bar



p2 = 144 bar



Dp = 4 bar



p1 = 148 bar



p3 = 40 bar



B



A



Dp = 104 bar



p2 = 144 bar



Dp = 4 bar



p1 = 148 bar



B



A



A



B



A



B



P



T



P
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p = 150 bar



p = 150 bar qPRV (pressure-relief valve) = 7 l/min pPRV (pressure-relief valve) = 150 bar P



qPump= 10 l/min



T



qPRV (pressure-relief valve) = 7 l/min pPRV (pressure-relief valve) = 150 bar P



qPump = 10 l/min



T



Figure 10.7: 2-way flow control valve – left: load from consuming device (idling), right: load from consuming device (under load)
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10 Flow control valves



2-way flow control valves can be used in the supply or the discharge line, or for bypass flow control. Disadvantage of bypass flow control: the irregular pump delivery rate due to speed fluctuation affects the amount of flow which has to be regulated. Where 2-way flow control valves are used, constant volumetric flow is obtained even with changing loads. This results in the following applications: x Carriages which work with a constant, adjustable feed speed with different work loads x Lifting mechanisms for which lowering speeds have to be accurately limited
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11 Proportional valves 11.1 Design and function of a proportional solenoid 11.1.1 Design of a proportional solenoid



The proportional solenoid is derived from the switching solenoid as used in electro-hydraulics for actuating directional control valves. Electrical current flows through the coil in the electromagnet and generates a magnetic field. The magnetic field exerts a force, which is directed to the right, on the armature. This force can be used to actuate a valve. The proportional solenoid’s armature, pole tube and housing are made of a soft-magnetic material, as is also the case with switching solenoids. In contrast to switching solenoids, the proportional solenoid is equipped with a differently shaped control cone. It consists of non-magnetisable material and influences the shape of the magnetic field lines.



11.1.2 Function of a proportional solenoid



By appropriately designing the soft-magnetic parts and the control cone, the following characteristics are closely approximated: x Force increases proportional to current, i.e. doubling the current results in twice the force applied to the armature. x Force in the working range of the proportional solenoid is not dependent on the position of the armature.



F



1



I0 0.75 ⋅ I0 0.50 ⋅ I0



12 2 11



3 4



0.25 ⋅ I0



10 Working range (typical: approx. 2 mm) 9



8 7 6 5



Armature position x



Figure 11.1: Layout and characteristics of a proportional solenoid; 1: electrical connection, 2: non-magnetic intermediate ring, control cone, 3: centre pole, 4: guide rod (armature), 5: guide washer, 6: exciter coil, 7: armature, 8: pole tube, 9: plain bearing, 10: housing, 11: balance spring, 12: bleed screw
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11 Proportional valves



In a proportional valve, the proportional solenoid acts against a spring which generate resetting force. The characteristic spring curve is also entered to both of the proportional solenoid’s characteristic curve families. The further the armature moves to the right, the greater the spring force becomes. x With minimal current, force applied to the armature is small. The spring is accordingly relaxed (Figure 11.2, a and c). x If electrical current is increased, force applied to the armature rises. The armature moves to the right and compresses the spring (Figure 11.2, b and d). a)



b)



Ds = max.



Ds = min. c)



d)



0.75 ⋅ I0



I0 F
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0.75 ⋅ I0



0.50 ⋅ I0



0.50 ⋅ I0



0.25 ⋅ I0



0.25 ⋅ I0



Armature position x



Armature position x



Figure 11.2: Performance of a proportional solenoid with varying electrical current



11.1.3 Actuation of pressure, flow control and directional control valves



In pressure regulators, the spring is installed between the proportional solenoid and the control cone. x In the case of minimal electrical current, the spring is only slightly preloaded. The valve opens even with low pressure. x The higher the current to the proportional solenoid is adjusted, the greater the force applied to the armature becomes. It moves to the right and the spring is preloaded to an ever greater extent. The pressure level at which the valve opens rises proportionally to preloading force, i.e. proportional to armature position and to electrical current.
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In flow control and directional control valves, the control spool is located between the proportional solenoid and the spring. x In the case of minimal electrical current, the spring is only slightly compressed. The spool is at the far left. The valve is closed. x As current flowing through the proportional solenoid increases, the spool is forced to the right. The valve opening becomes larger and the flow rate is increased.



a)



b)



Figure 11.3: Installation position of the return spring; a) in pressure regulators, b) in flow control and directional control valves



11.1.4 Armature position control



Magnetisation effects, friction and flow forces impair the performance of the proportional valve. They lead to a situation where the armature is not positioned exactly proportionally to electrical current. Considerably improved accuracy can be achieved by controlling armature position. x The position of the armature is measured with an inductive displacement encoder. x The measurement signal is compared with the input signal. x The difference between the input signal and the measurement signal is amplified. x Electrical current I is generated, which acts upon the proportional solenoid. x The proportional solenoid generates a force which changes the position of the armature such that deviation between the input signal and the measurement signal is reduced. The proportional solenoid and the displacement encoder are a single unit which is flange-mounted to the valve.
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11 Proportional valves



11.2 Design and function of proportional pressure regulators



With the help of a proportional pressure regulator, the pressure in a hydraulic system can be adjusted by means of an electrical signal. 11.2.1 Pressure-relief valve



Figure 11.4 shows a pilot actuated pressure-relief valve. It consists of a pilot stage with poppet valve and a primary stage with a control spool. Pressure applied to P acts upon the pilot cone via the hole in the control spool. The proportional solenoid exerts an electrically adjustable counterforce. x



x



If the force generated by the proportional solenoid is greater than the force of the pressure applied to port P, the pilot stage remains closed. The spring holds the control spool in the primary stage in its bottom position. The flow rate is zero. If force exerted by pressure exceeds the closing force of the pilot cone, it is opened. Minimal volumetric flow occurs from port P to the tank via port Y. The flow of hydraulic fluid causes a pressure drop via the throttle within the control spool. As a result, pressure applied to the top side of the control spool is less than at the bottom side. This differential pressure causes a corresponding force. The control spool moves up until this force is equalised by the return spring. The control edge of the primary stage opens, and P and T are connected as a result. Hydraulic fluid is discharged to the tank via port T. P
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Figure 11.4: Pilot actuated proportional pressure-relief valve – cutaway view, circuit symbol and characteristic curve
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11.2.2 Pressure-reducing valve



Figure 11.5 depicts a pilot actuated 2-way pressure-reducing valve. The pilot stage is laid out as a poppet valve, and the primary stage as a spool valve. Pressure applied to consumer port A acts upon the pilot cone via the hole in the control spool. Counterforce is adjusted by means of the proportional solenoid. x



x



If pressure applied to port A is less than the selected value, pilot control remains closed. Pressure at both sides of the control spool is equal. The spring presses the control spool down. The control edge in the primary stage is opened. Hydraulic fluid is able to flow unobstructed from port P to port A. If pressure at port A exceeds the selected value, the pilot stage opens, thus allowing minimal volumetric flow to port Y. Pressure drops over the throttle in the control spool. Force applied to the top side of the control spool is reduced, and it moves up. The opening’s cross-section becomes smaller. Consequently, flow resistance is increased at the control edge between ports P and A. Pressure at port A drops. A



Y



P



Y



P A



Figure 11.5: Pilot actuated proportional pressure-reducing valve – cutaway view and circuit symbol
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11.3 Design and function of proportional flow control valves and directional control valves 11.3.1 Proportional flow control valves



Proportional flow control valves are used to adjust the throttle cross-section in a hydraulic system in order to change the volumetric flow rate. The layout of a proportional flow control valve is similar to that of a switching 2/2-way valve or a switching 4/2-way valve. In the case of the directly actuated proportional flow control valve (Figure 11.6), the proportional solenoid acts directly upon the control spool. x x



If only minimal current flows through the proportional solenoid, both control edges are closed. The greater the electrical current flowing through the proportional solenoid, the greater the force applied to the spool. The spool moves to the right and opens the control edges.



Current flowing through the solenoid and deflection of the spool are proportional to each other. B
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Figure 11.6: Directly actuated proportional flow control valve without position control – cutaway view, circuit symbol and characteristic curve



11.3.2 Directly actuated proportional directional control valve



The layout of a proportional directional control valve is similar to that of a switching 4/3-way valve. It unites two functions: x Electrically adjustable throttle (like proportional flow control valve) x Connection of each consumer port with either P or T (like 4/3-way valve)
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Figure 11.7 shows a directly actuated proportional directional control valve. x If the electrical signal is equal to zero, both solenoids are de-energised. The spool is centred by the springs. All control edges are closed. x If the valve is actuated with negative voltage, current flows through the right-hand solenoid. The spool moves to the left. Ports P and B, as well as A and T, are connected to each other. Current flowing through the solenoid and deflection of the spool are proportional to each other. x In the case of positive voltage, current flows through the left-hand solenoid. The spool moves to the right. Ports P and A, as well as B and T, are connected to each other. In this operating state as well, electrical current and deflection of the spool are proportional to each other. In the event that electrical power should fail, the spool advances to the mid-position so that all control edges are closed (failsafe position).
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Figure 11.7: Directly actuated proportional directional control valve without position control – cutaway view and circuit symbol



11.3.3 Piloted proportional directional control valve



Figure 11.8 shows a piloted proportional directional control valve. A 4/3-way proportional valve is used for pilot control. With the help of this valve, pressure applied to the control spool’s front surfaces is changed. The control spool in the pilot stage is deflected as a result, and the control edges open. Both stages of the valve shown here are position controlled, in order to achieve improved accuracy. If electrical or hydraulic power should fail, the control spool in the primary stage advances to the midposition. All control edges are closed (failsafe position).
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Figure 11.8: Piloted proportional directional control valve without position control – cutaway view and circuit symbol



Two 3-way pressure-reducing valves can also be used for pilot control instead of a 4/3-way valve. All pressure regulators control pressure applied to a front surface of the control spool in the primary stage.



11.3.4 Advantages and disadvantages of piloted proportional valves



The force required to actuate the primary stage is generated hydraulically in the pilot actuated valve. The proportional solenoid only needs to apply the minimal force required to actuate the pilot stage. This results in the advantage that considerable hydraulic power can be controlled with a small electrical current and a small proportional solenoid. The additional consumption of hydraulic fluid and energy required for pilot control is a disadvantage. Proportional directional control valves up to nominal size 10 are implemented primarily as directly actuated valves. Pilot actuation is preferred for valves with larger nominal sizes. Very large valves for extreme flow rates may be comprised of three or four stages.
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11.4 Proportional valve designs



Proportional valves are differentiated with reference to valve type, control type and proportional solenoid design. Each of the combinations listed in Table 11.1 results in a different design, for example: x A directly actuated 2/2-way proportional flow control valve without position control x A pilot actuated 4/3-way proportional valve with position control x A directly actuated 2-way proportional flow control valve with position control



Valve type



– Pressure regulators



Pressure-relief valve 2-way pressure-reducing valve 3-way pressure-reducing valve



– Flow control valves



4/2-way flow control valve 2/2-way flow control valve



– Way valves



4/3-way valve 3/3-way valve



– Flow control valves



2-way flow control valve 3-way flow control valve



Control type



– Directly actuated – Pilot actuated



Proportional solenoid



– Without position control – With position control



Table 11.1: differentiating criteria for proportional valves
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12 Accessories Aside from the hydraulic components described in the previous sections – way valves, pressure regulators, hydraulic cylinders etc. – the following accessories are also important for the functions provided by a hydraulic system: x Hoses x Hose couplings x Piping x Fittings



x x x x



Connecting plates Exhaust valves Pressure gauges Flow meters



Primarily, these accessories are used to transport hydraulic energy (hoses, piping etc.), connect and mount components (fittings, connecting plates) and execute monitoring functions (measuring devices).



12.1 Hoses and piping



The individual components included in a hydraulic system are connected to each other by means of hoses or pipe. Flow cross-sections of hoses and pipe influence pressure drop within the hydraulic lines. The efficiency of the system is determined by these cross-sections to a great extent. In order to assure that pressure drop in piping sections, pipe bends and elbow connectors is not to great and, on the other hand, in order to limit the dimensions of the hydraulic lines, the system should be laid out such that the following reference values for flow velocity are not exceeded: Pressure line up to 50 bar operating pressure: 4.0 m/s Suction line: 1.5 m/s Return line: 2.0 m/s up to 100 bar operating pressure: 4.5 m/s up to 150 bar operating pressure: up to 200 bar operating pressure: up to 300 bar operating pressure:



5.0 m/s 5.5 m/s 6.0 m/s



These specifications can be used to calculate required flow cross-section A using the formula A



q where v



q represents volumetric flow rate and v represents flow velocity.
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The required nominal size (diameter) of the hose lines can then be determined for the purpose of dimensioning a hydraulic system. Example



Calculation for determining the nominal sizes of hydraulic lines Given:



q = 4.2 l/min. v = 4 m/s (pressure line up to 50 bar) S ˜ d2 we obtain nominal diameter d: d 4



q and A v



From A



dm3 min m S˜4 s



m3 s m S ˜ 4 ˜ 60 s



4 ˜ 4.2 ˜ 103



4 ˜ 4.2



d



0.022 ˜ 103 m2



4˜q S˜v



0.0047 m = 4.7 mm



12.1.1 Hoses



Hoses are flexible lines which are used between portable hydraulic devices or in the event of unfavourable spacing (especially in mobile hydraulics). They’re used whenever it’s not possible to install piping (e.g. for moving parts). Hose lines are also used to reduce noise and vibration. They’re made up of several layers: 1 2 3



Figure 12.1: Hydraulic hose layout; 1: outer jacket, 2: reinforcement fabric, 3: inner tube



The inner tube (3) is made of synthetic rubber, PTFE, polyester elastomers, nitrile rubber or neoprene. The reinforcement fabric (2) is a braided insert made of steel wire and/or polyester or rayon. Depending on the pressure range, the braided insert may be single or multi-layered. The outer jacket (1) is made of abrasion resistant rubber, polyester or polyurethane elastomers, or other materials. Hose lines can be equipped with external spiral or braided sleeves in order to provide additional protection against mechanical damage.
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Selecting hoses



The required functions and related factors must be taken into consideration when selecting hoses. In addition to power transmission via the hydraulic fluid, the hoses are also subjected to chemical, thermal and mechanical influences. In particular operating pressure – both dynamic and static – must be carefully ascertained. Abruptly occurring pressure peaks which are caused by switching valves rapidly may amount to many times the calculated pressure levels. Where technical data are concerned, the specifications provided by the manufacturer are alone decisive. EN 853 to EN 857 should be observed as guidelines with regard to nominal size and pressure. Definitions x Maximum permissible operating pressure Specified by the manufacturers for static pressure, and usually for dynamic pressure as well. Static operating pressure is specified with a safety factor of 4, i.e. operating pressure is ¼ of the burst pressure. x Burst pressure This specification can be viewed as a test value only. The hose may not burst or leak when exposed to any pressure below this value. x Test pressure Hoses are pressurised with two times operating pressure for at least 30 seconds, and for no more than 60 seconds. x Change in length Depending on which type of braided insert is used, the length of every hose changes to a certain extent when subjected to operating pressure. This change may not exceed +2% to -4%. x Bending radius The specified minimum bending radius is laid out for maximum operating pressure with a stationary hose. For safety reasons, smaller radii should not be used. x Operating temperature The specified temperatures make reference to flowing hydraulic fluid. High temperatures greatly impair the hose’s service life.
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3



2



'p in bar per m without connector fittings (U = 850 kg/m ; Q = 20 mm /s) Nom. da



q = 10



q = 20



q = 30



q = 50



q = 70



q = 100



q = 125



q = 150



q = 175



q = 200



size



[mm]



l/min.



l/min.



l/min.



l/min.



l/min.



l/min.



l/min.



l/min.



l/min.



l/min.



6



14



0.33



1.13



2.16



18



0.14



0.46



0.88



16



0.10



0.31



0.59



1.41



1.2



20



0.045



0.12



0.23



0.55



0.97



0.82



1.2



19



0.045



0.12



0.23



0.55



0.97



0.82



1.2



22



0.02



0.04



0.08



0.19



0.37



0.65



0.96



0.68



0.87



1.1



20



0.02



0.04



0.08



0.19



0.37



0.65



0.96



0.68



0.87



1.1



26



0.008



0.02



0.03



0.075



0.15



0.27



0.39



0.57



0.73



0.92



0.01



0.041



0.07



0.14



0.2



0.27



0.35



0.43



30



0.021



0.04



0.073



0.1



0.15



0.186



0.23



30



0.012



0.02



0.041



0.06



0.007



0.106



0.136



34



0.013



0.025



0.035



0.05



0.06



0.083



36



0.009



0.016



0.023



0.032



0.04



0.051



38.1



0.01



0.015



0.02



0.025



0.033



46



0.004



0.006



0.008



0.011



0.014



50.8



0.003



0.004



0.005



0.007



0.009



0.003



0.004



8



10



12



16



20



24



32



40



26



60.3



Table 12.1: Flow resistance 'p due to hose lines (according to Prof. Charchut)



When installing hose lines, above all correct length must be assured. It has to be possible to move the parts without subjecting the hose lines to tensile force. Bending radii must be adequately large as well. Several basic rules for installing hose lines are included in Figure 12.2.



Figure 12.2: Rules for installing hose lines
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In mobile hydraulics and in large stationary systems, numerous hoses are used to connect various components. Consequently, pressure drop 'p occurring in the hoses must be taken into consideration when dimensioning the system. Hose lines can be connected to devices, or to each other, with threaded connectors or quick connection couplings. Functionally adequate connections can be assured by means of hose fittings. According to ISO 12151, we differentiate amongst the following mounting options for the hose side of the fitting: x Threaded fitting The required stability is achieved for the hose line by screwing the individual parts together axially. As a rule, this type of hose fitting can be assembled without any special tools, and is reusable. x Crimp fitting The required stability is achieved for the hose line by deforming at least one of the fitting’s component parts. This type of hose fitting can only be assembled with a special tool, and is not reusable. x Clamp fitting The required stability is achieved for the hose line by shells or segments which are externally clamped. This type of hose fitting is reusable and, depending upon type, is assembled with or without special tools. x Band clamp fitting (hose strap): The required stability is achieved for the hose line by means of clamping, for example with hose clamps or hose ties. Depending on type, these hose fittings are assembled with or without special tools and are reusable in some cases, but they’re not suitable for high pressure. x Socketless fitting Generally speaking, this type of fitting consists of a nipple, by means of which the required stability is achieved for the hose line as the result of forces of deformation generated by the hose itself thanks to an appropriate nipple design. This type of hose fitting can be assembled without special tools and is reusable, but it’s not suitable for high pressure.
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According to ISO 12151, we differentiate amongst the following types of connectors for the connection side of the hose fitting: x Threaded screw connector x Pipe connector furnished with pipe, for cutting ring connector x Flange connector furnished with flange x Ring connector furnished with ring x Coupling connector furnished with symmetrical or asymmetrical coupling half x Collar connector furnished with collar 1



2



4



3



Figure 12.3: Hose fittings, connection side; 1: external thread, 2: pipe end, 3: union nut, 4: nipple for SAE flange



Hose fittings also include the following individual parts: x Union nut x Retainer Part of a hose fitting which encloses the hose. We differentiate amongst threaded retainers, swage retainers and clamp retainers, as well as hose clamps. x Nipple (bush) A component which is inserted into the hose and establishes a connection at the connection side. For nipples as well, ISO 12151 differentiates between mounting at the hose side and at the connection side: – Hose side of the nipple: threaded, press-fit and push-in nipple – Connection side of the nipple: threaded, sealing head, screw-in, pipe, collar, flange and ring connection 1



2



3



5



6



7



4



Figure 12.4: Hose fittings, nipple; 1: nipple with sealing head connection, 2: nipple with threaded connection, 3: nipple with screw-in connection, 4: nipple with pipe connection, 5: nipple with collar connection, 6: nipple with flange connection, 7: nipple with ring connection



146



© Festo Didactic GmbH & Co. KG 574181



12 Accessories



Devices can be quickly connected and disconnected with quick couplings. Quick connection couplings are available with and without mechanically piloted non-return valves. As long as the system is not pressurised, the non-return valve makes it possible to connect lines without discharging any hydraulic fluid. 5



3



4



2



4



3



6



5



1



1: Connector coupling socket 2: Lock nipple 3: Sealing cone 4: Sealing seat 5: Spring 6: Ring grip



Figure 12.5: Quick connection coupling – cutaway view



12.1.2 Piping



In accordance with EN 10305, seamless precision steel pipe is used in piping systems. The pipe’s wall thickness is a function of maximum pressure in the piping and a safety factor for switching impacts. Pipe can be bent, either hot or cold, prior to installation with appropriate bending fixtures. After bending pipe must be rinsed out, or in the case of hot bending the scale layer must be removed. The following are suitable for pipe-to-pipe and pipe-to-device connections: x Pipe fittings: up to a nominal diameter of 38 (depending on operating pressure) x Flange joints: as of a nominal diameter of 30 According to DIN 3850 pipe fittings are differentiated as follows: x Solder-free pipe fittings x Cutting ring connectors x Double bevel ring connectors x Soldered and welded pipe joints x Flanged bushing connectors x Ball-type nipple connectors Figure 12.6: Threaded pipe fitting
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The cutting ring connector is the most commonly used type of fitting due to its simple handling. When the connection is made, a cutting ring is pushed into the internal cone of the connector when the union nut is tightened. A collar is created on the pipe which is pushed against a sealing stop. For the specified pipe fittings, DIN 3850 differentiates amongst the following sealing elements and connecting components. Designation



Per DIN



Cutting ring



3816



Double bevel ring



3862



Ball lining



3863



Flange bushing



3864



Pressure ring



3867



Table 12.2: Overview of sealing elements



Designation



Union nut



A



Per DIN



For sealing element



3870



Cutting ring



B



Double bevel ring



C



Soldered flange bushing Welded flange bushing



Union nut Union screw



A



3872



Cutting ring with pressure ring



3871



Cutting ring Double bevel ring



C



Ball lining Flange bushing



Table 12.3: Overview of connecting components



Furthermore, the following types of pipe connections are also used for pipe fittings: x Straight connection x Bulkhead, welded and soldered connections x Angle, L, T and cross connections
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The above specified connections are available in different variants, which are listed in overview in DIN 3850. Specifications for nominal sizes and pressures for standardised pipe fitting components can also be found in DIN 3850. Flanged joints are used for larger pipe. The flange can be either welded or screwed to the pipe. Commonly used thread types in the field of hydraulics include Whitworth thread, precision metric thread and NPT thread (tapered thread).



12.2 Connecting plates



Direct connection of valves by means of piping and hose lines does not always fulfil requirements for a compact, cost-effective und operationally reliable system. For this reason, connecting plates are a commonly used means of connecting devices in the field of hydraulics. This connection technology allows for quick valve replacement. Beyond this, hydraulic fluid flow-paths are shortened as well. Just like valves in accordance with ISO 4401, connecting plates have standardised ports. The valves are screwed to the plates, then mounted to front panels or valve stands and connected to hydraulic pipes at the rear. In order to save money on piping, common connecting plates are used for parallel connected valves (hydraulic valve manifold). For frequently required controllers, e.g. press controllers, special control blocks are made of cast steel with all of the necessary holes, so that the valves only need to be screwed in. Depending on requirements, these special control blocks can be combined into complex control systems (block stacking). Vertical stacking



Adapter plate valves connected to each other for vertical stacking, and are screwed to a common connecting plate. Piping expenses are minimal as a result.
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Figure 12.7: Vertical stacking and standard circuit diagram



Horizontal stacking



Horizontal stacking plates with intermediate reversing plates are lined up one after the other for systems with several control chains. Individual valves or a vertical stack can be screwed onto the reversing plates. Cartridge technology



Further improvement with regard to the implementation of complete control systems with high power density in a single block is accomplished by means of cartridge technology. Various switching functions are implemented by individually actuating 2/2-way cartridge valves. 2/2-way cartridge valves are standardised in ISO 7368. Cartridge valve blocks (control blocks) only become economical as of a nominal size of 16, and in large quantities.



12.3 Exhaust valves



Exhaust valves should be located at the highest point within the piping system, because this is where trapped air accumulates. An automatic exhaust valve is depicted in the following diagram.
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Figure 12.8, left: The cylinder is retracted and the piston closes the exhaust valve. Figure 12.8, middle: When the piston rod is advanced, the exhaust valve’s piston is lifted. Air is able to escape via the vent, until the hydraulic fluid reaches the piston and pushes is up. A
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Figure 12.8: Automatic exhaust valve



Figure 12.8, right: When the cylinder is advanced, the exhaust valve’s piston is pressed all the way up by the hydraulic fluid, thus sealing the air vent. If pressure drops, the spring pushes the piston down until the exhaust vent is once again open and the procedure is repeated.



12.4 Pressure gauges 12.4.1 Pressure gauge with Bourdon tube measuring unit



The most commonly used pressure gauge is based on the principle of the Bourdon tube. The bent Bourdon tube has an oval cross-section. When hydraulic fluid flows into the tube, identical pressure prevails everywhere within the tube. Due to the difference in surface area between the inner and outer rings of the Bourdon tube, a greater force occurs on the surface of the outer ring which causes the tube to bend. This motion is transferred to the pointer via lever, gear rack section and pinion. The corresponding pressure can then be read from the scale. This type of pressure gauge is not overpressure-proof.
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In order to assure that pressure surges do not destroy the spring, a damping reactor must be integrated at the end. At pressures of greater than 100 bar, a screwshaped or spiral Bourdon tube is used instead of the circular spring. Measuring pressures of greater than 1000 bar are possible. These measuring devices are position sensitive and may only be installed in the specified orientation.



Figure 12.9: Bourdon tube pressure gauge



12.4.2 Pressure gauge with capsule-type or diaphragm element



Instead of a Bourdon tube, these measuring devices make use of a pressure-tight capsule made of corrugated metal, or a diaphragm which is clamped between two flanges in a pressure-tight manner. Pressurisation inside of the capsule or the diaphragm causes it to bulge. This bulging is a measure of the pressure to be ascertained and is transmitted to the pointer via the pointer mechanism. Pressure ranges of up to 25 bar are available depending upon design.



12.4.3 Piston-type pressure gauge



In the case of piston-type pressure gauges, the hydraulic fluid presses a piston whose force acts upon a compression spring. The pointer is directly coupled to the piston, and it indicates measured pressure at a scale. Piston-type pressure gauges are overload-proof.
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12.5 Pressure sensors



More accurate pressure measurements are possible with quartz pressure transducers, which take advantage of the piezoelectric effect. In this case, pressure acts upon a diaphragm and thus the quartz as well, which generates a corresponding voltage or current when subjected to pressure. This electrical signal is electronically amplified and is transmitted to an evaluation unit as a measure of prevailing pressure. Other pressure sensors work with strain gauges which are attached to a diaphragm. The diaphragm is deformed when subjected to pressure. Resultant stretching is converted into electrical signals. These signals are also electronically amplified and indicated at a separate device. The amplifier electronics are integrated directly into the housings of these sensors. Advantages of electronic pressure sensors: indicated pressure can be displayed at remote locations with the help of connecting cables or recorded with recording instruments. Actuation via the amplifier directly to the pressure regulators is also possible.



12.6 Volumetric flow meters



If only one-time measurement is required, for example in order to check the pump delivery rate or to adjust a flow control valve, the simplest way to measure volumetric flow rate is with a graduated cylinder and a stopwatch. If the volumetric flow rate within the hydraulic system needs to be continuously monitored and indicated, the devices described below are used depending on the application and the required degree of accuracy.



12.6.1 Flow meter



The hydraulic fluid whose flow rate is to be measured flows through a measuring tube. A fixed cone is located in the measuring tube. A piston moves in close proximity the cone. When hydraulic fluid flows between the cone and the piston, the piston is pressed against a spring in accordance with the flow rate. The piston serves as a moving orifice. Depending upon the position of the cone, a corresponding flow cross section is obtained. The piston continues to move until differential pressure, which presses the piston against the spring, has settled in and is in equilibrium. Due to the fact that flow rate depends on differential pressure at the orifice, the distance of the piston’s stroke can be indicated as a measure for flow rate. Display inaccuracy is roughly 4%.
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Figure 12.10: Flow meter (company illustration, UCC)



For more accurate measurements required in order to regulate or control synchronous cylinders or motors, as well as for positioning, measuring turbines, oval-gear meters, gear wheel measuring devices, orifices or baffle plates are used. The measuring turbine is caused to rotate by volumetric flow. Its speed in rpm is evaluated and displayed as a measure of the volumetric flow rate (see Figure 12.11). The gear wheel measuring device is similar in design to the geared motor. Each gear tooth is inductively detected by a measuring device. Speed in rpm is indicated as the volumetric flow rate by means of a measured value transducer. The oval-gear meter is based on the same principle. Rotational speed is measured inductively in this case as well. Since, as with the gear wheel measuring device, the volume of the chamber is known, volumetric flow rate is determined on the basis of measured rotational speed. In the case of the orifice, differential pressure 'p is measured, electronically converted and displayed directly as the volumetric flow rate. With the baffle plate concept, volumetric flow acts upon a baffle plate which is located in the flow pipe and executes a stroke whose length depends on the flow rate. Stroke length is detected in a contactless fashion. The electrical output signal is converted and displayed as the volumetric flow rate. 1



Figure 12.11: Measuring turbine – cutaway view; 1: mounting hole for the inductive proximity sensor for detecting rotational speed
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13 Basic principles of electrical engineering 13.1 Direct current and alternating current



A simple electrical circuit consists of a voltage source, a consuming device and connecting cables. In physical terms, the negatively charged particles within the electric circuit, the electrons, move from the negative terminal of the power supply to the positive terminal via the electrical conductor. This movement of the charged particles is referred to as electric current. An electric current can only flow when the circuit is closed. A distinction is made between direct and alternating current: x If voltage always flows in one direction in the circuit, this produces a current that also always flows in one direction. This is a direct current (DC) or a DC circuit. x With alternating current (AC), or in an AC circuit, voltage and current change direction and intensity at specific intervals.



Current I



Alternating current



Current I



Direct current



Time t



Time t



Figure 13.1: Characteristic curves for direct current and alternating current over time



Figure 13.2 shows a simple DC circuit consisting of a power supply, electrical cables, a control switch and a consuming device (a lamp in this example). I
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Figure 13.2: DC circuit
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Technical direction of current When the control switch is closed, current I flows through the consuming device. The electrons move from



the negative terminal to the positive terminal of the power supply. Before electrons were discovered, the direction of current was defined as going from “positive” to “negative”. This definition is still valid today in actual practice; it’s called the technical direction of current.



13.2 Ohm’s law



Ohm’s law describes the relationship between voltage, current and resistance. It states that in a circuit with a given electrical resistance, current changes in direct proportion to voltage, i.e. x if voltage rises, current rises too, x if voltage drops, current drops too. U



R˜I



U voltage, SI unit: volt [V]; R resistance, SI unit: ohm [:]; I current, SI unit: ampere [A]



13.2.1 Electrical conductors



The term electric current refers to the directional movement of charged particles. For a current to flow in a material there must be enough free electrons present. Materials that meet this criterion are called electrical conductors. Copper, aluminium and silver are particularly good electrical conductors. Copper is the main conductive material used in control technology.



13.2.2 Electrical resistance



Every material offers resistance to an electric current. This is caused by the freely moving electrons colliding with the atoms in the conductive material, which results in their movement being impeded. Electrical conductors have a low resistance. Materials with a particularly high resistance to electric current are called electrical insulators. Rubber and plastic-based materials are used to insulate electrical wires and cables.
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13.2.3 Source voltage



There is a surplus of electrons at the negative terminal of a voltage source and a shortage of electrons at the positive terminal. Source voltage occurs as a result of this effect.



13.3 Electrical power



In mechanics, power can be defined in terms of work. The faster work is done, the greater the power required. And thus power means work per unit of time. In the case of a consuming device in an electrical circuit, electrical energy is converted into kinetic energy (e.g. electric motor), light radiation (e.g. electric light) or thermal energy (e.g. electric heater, electric light). The faster the energy is converted, the higher the electrical power. And thus power means converted energy per unit of time. It increases as current and voltage rise. The electrical power of a consuming device is also referred to as power consumption. P U ˜I



P power, SI unit: watt [W]; U voltage, SI unit: volt [V]; I current, SI unit: ampere [A] Example – electrical power of a coil



The solenoid coil of a 4/2-way valve is supplied with 24 V DC. The coil’s resistance is 60 :. How great is power consumption? Current is calculated using Ohm’s law:



I



U R



24 V 60 :



0.4 A
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Power consumption is the product of current and voltage: P U ˜I



24 V ˜ 0.4 A 9.6 W
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13.4 The function of a solenoid



When current flows through an electrical conductor, a magnetic field is generated around it. The magnetic field becomes larger if the current is increased. Magnetic fields exert an attractive force on workpieces made of iron, nickel or cobalt. This force increases as the magnetic field grows.



I



I



Left: air-cored coil Right: coil with iron core and air gap Figure 13.3: Electrical coil and magnetic field lines



13.4.1 Structure of a solenoid



A solenoid has the following structure: x The current-carrying conductor is wound in the shape of a coil. Superimposing the field lines of all coil windings increases the magnetic field and a primary field direction is formed. x An iron core is placed in the coil. When an electric current flows, the iron is additionally magnetised. This enables a much stronger magnetic field to be generated at the same current intensity than with an air-cored coil. Both of these measures ensure that a solenoid exerts a strong force on ferrous materials, even with small current values.



13.4.2 Solenoid applications



In electro-hydraulic control systems, solenoids are primarily used to influence the switching position of valves, relays and contactors. This can be elucidated using the example of a directional control valve with spring return: x When an electric current flows through the solenoid coil, the valve piston is actuated. x When the flow of current is interrupted, a spring pushes the valve piston back into its initial position.
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13.4.3 Inductive resistance with AC voltage



An alternating current flows when alternating voltage is applied to a coil. This means that current and the magnetic field are constantly changing. A current is induced in the coil by changing the magnetic field. The induced current acts against the current generated by the magnetic field. The coil therefore offers resistance to the alternating current. This resistance is called inductive resistance. The greater the inductive resistance, the faster the electrical voltage changes and the greater the inductance of the coil. The unit of measure for inductance is the “Henry” [H]: 1 H = 1



Vs = 1 ȍs A



13.4.4 Inductive resistance with DC voltage



With direct voltage, current, voltage and magnetic field only change when the coil is switched on. The inductive resistance is therefore only effective at the time of switch-on. In addition to inductive resistance, a coil also demonstrates ohmic resistance. This resistance occurs with both DC and AC voltage.



13.5 Function of an electrical capacitor



A capacitor consists of two conductive plates with an insulating layer (dielectric) between them. When a capacitor is connected to a DC power supply (pushbutton S1 closed in Figure 13.4), there is a brief flow of charging current, which electrically charges the two plates. If the connection to the power supply is then interrupted, the charge remains stored in the capacitor. The greater the capacitance of a capacitor, the more electrically charged particles it stores at the same voltage. The unit of measure for capacitance is the “Farad” [F]: 1 F = 1
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Charging current



Discharging current



mA



mA



S1



R



When the electrically charged capacitor is connected to a consuming device (pushbutton S2 closed in Figure 13.4), charge equalisation takes place. An electrical current flows through the consumer until the capacitor is fully discharged.



S2



U



R



Figure 13.4: Function of an electrical capacitor



13.6 Function of a diode



Diodes are electrical components whose resistance differs depending on the direction in which the electric current is flowing: x Resistance is very low in the conducting direction, which means the electric current can flow unimpeded. x Resistance is extremely high in the blocked direction, which means no current can flow. When a diode is included in an AC circuit, current can only flow in one direction. The electric current is rectified. A diode’s effect on electrical current can be compared to the effect of a one-way flow control valve on the flow rate in a hydraulic or pneumatic circuit. U I t



U R



I



t



Figure 13.5: Function of a diode
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13.7 Measurements in an electrical circuit 13.7.1 Definition: measure



To measure means to compare an unknown variable (e.g. the length of a cylinder) with a known variable (e.g. the scale on a measuring tape). A measuring device (e.g. a tape measure) facilitates this comparison. The result, i.e. the measured value, consists of a numerical value and a unit of measure (e.g. 30.4 cm). Electrical current, voltage and resistance are usually measured with a multimeter. These measuring devices can be switched between different operation modes: x x
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Correct measurements are only possible if the correct operating mode is selected.
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A device for measuring voltage is also called a voltmeter, while a device for measuring current is also called an ammeter.
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Figure 13.6: Multimeter



13.7.2 Safety instructions x Before performing any measurements, make sure that electrical voltage at the part of the control system on which you want to perform the measurement does not exceed 24 V. x Measurements on control system sections with higher voltages (e.g. 230 V) may only be performed by persons with appropriate training or instruction. x Failure to adhere to correct measuring procedures may be life endangering.
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13.7.3 Procedure for performing measurements in the electrical circuit



Proceed in the following order when taking measurements in an electrical circuit: x Switch off supply voltage to the circuit. x Set the multimeter to the required operating mode (current or voltage measurement, direct or alternating voltage, or resistance measurement). x When using pointer measuring instruments, check the zero point and adjust if necessary. x When measuring direct voltage/current, connect the measuring device to the correct terminal (“+” terminal of the measuring device to the positive terminal of the power supply). x Choose the largest measuring range. x Switch on supply power to the circuit. x Monitor the pointer or display and gradually switch down through smaller measuring ranges. x Read the display when the greatest pointer deflection occurs (smallest possible measuring range). x When using pointer instruments, always read the display by looking vertically down onto it, in order to avoid reading errors.



13.7.4 Voltage measurement



For voltage measurements, the measuring device is connected parallel to the consuming device. Voltage drop across the consuming device corresponds to voltage drop across the measuring device. All voltage measuring devices (voltmeters) have their own internal resistance. Current flowing through the meter should be very small to minimise distortion of the measurement results. The voltmeter’s internal resistance must be as large as possible.



Figure 13.7: Voltage measurement
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13.7.5 Current measurement



For current measurements, the measuring device is connected in series with the consuming device. All of the consuming device’s current flows through the measuring device. All current measuring devices (ammeters) have their own internal resistance. This additional resistance reduces the flow of current. In order to keep measurement error as low as possible, ammeters may only have minimal internal resistance. The ammeter’s internal resistance must be as small as possible.



Figure 13.8: Current measurement



13.7.6 Resistance measurement



The resistance of a consuming device in a DC circuit can be measured either indirectly or directly. x In the case of indirect measurement, current through the consuming device and voltage drop across the consuming device are measured. Both measurements can be performed either one after the other or at the same time. Resistance is then calculated using Ohm’s law. x In the case of direct measurement, the consuming device is disconnected from the electrical circuit. The measuring device is switched to the “resistance measurement” operating mode and connected to the two terminals on the consuming device. The resistance value can then be read from the device. If the consumer is defective, the resistance measurement will result in either an infinitely high value or a value of zero (short-circuit). Attention



The ohmic resistance of a consuming device in an AC circuit must be measured using the direct method.
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Figure 13.9: Resistance measurement; left: indirect measurement; right: direct measurement



13.7.7 Error sources while performing measurements in an electrical circuit



Measuring devices cannot measure electrical voltage, current or resistance with any desired degree of accuracy. On the one hand, the measuring device itself influences the electrical circuit and, on the other hand, no measuring device indicates values 100% accurately. Permissible display error for a measuring device is specified as a percentage of its upper range limit. If, for example, 0.5 is specified as an accuracy class for a measuring device, display error must not exceed 0.5% of the upper range limit. Application example: display error



The voltage of a 9 V battery is measured using a class 1.5 measuring device. The measuring range is set once to 10 V, and once to 100 V. What is the maximum permissible display error for each for the two measuring ranges? Measuring range



Permissible display error



10 V



10 V ˜



100 V



100 V ˜



1.5 100



0.15 V



1.5 1.5 V 100



Error as percentage



0.15 V ˜100 1.66 % 9V 1.5 ˜100 16.6 % 9V



Table 13.1: Calculating display error



The sample calculation clearly shows that permissible display error is smaller in the smaller measuring range. Furthermore, the measuring device can be read more effectively. For this reason, the smallest possible measuring range should always be selected.
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Controllers for electro-pneumatic and electro-hydraulic systems are usually not supplied with electrical energy by an internal power supply (e.g. battery), but rather are connected to mains power by means of a power pack. Safety precaution



Due to their high input voltage, power packs are part of the high-voltage system (IEC 60364-1). Safety regulations for high-voltage systems must be observed. Work on the power pack may only be carried out by authorised persons.



1



2



3



Figure 14.1: Power pack components; 1: transformer; 2: rectifier; 3: stabilisation



A power pack consists of the following components: x The mains transformer converts alternating current from the mains (e.g. 230 V) into output voltage (usually 24 V). x Smoothed DC voltage is assured by the rectifier and the capacitor. x Finally, direct voltage is stabilised by the in-phase regulator.



14.2 Electrical input elements



Switches are integrated into the electrical circuit for opening and closing the influx of current to a consumer. These switches are subdivided into two main types: pushbuttons and control switches. Both types of switches are available as variants with NC contacts, NO contacts or changeover contacts.
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x x



In the case of a control switch, both switching positions are mechanically locked. Either switching position is retained until the switch is actuated once again. A pushbutton opens or closes an electrical circuit only briefly. The chosen switching position is only maintained for as long as the pushbutton is pressed and held.



14.2.1 NO contact



With an NO contact, the electrical circuit is open when the pushbutton is in its normal position, i.e. in the unactuated state. Actuating the control stem closes the electrical circuit and current flows to the consumer. After the control stem is released, spring force returns the pushbutton to its initial position and the electrical circuit is interrupted.



14.2.2 NC contact



With an NC contact, the electrical circuit is closed when the pushbutton is in its neutral position. Spring force ensures that the contacts remain closed until the pushbutton is actuated. When the pushbutton is actuated, the switch contact is opened against the spring force. Flow of current to the consumer is interrupted.



14.2.3 Changeover contact



The third variant is the changeover contact. It combines the functions of the NC contact and the NO contact into a single device. Changeover contacts are used to simultaneously close one electrical circuit and open another. Note that both electrical circuits are briefly interrupted when changeover takes place. 1
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1: Pushbutton, 2: switching element,



1: Pushbutton, 2: NC contact terminal,



1: Pushbutton, 2: NC contact terminal,



3: NO contact terminal



3: switching element



3: switching element, 4: NO contact terminal



Figure 14.2: NO, NC and changeover contacts – cutaway views and circuit symbols
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14.3 Sensors



Sensors are used to acquire information about the status of a system and forward this information to the controller. In electro-pneumatic and electro-hydraulic systems, sensors are primarily used for the following purposes: x Detecting the approach, the position or the end-position of power components x Measuring and monitoring temperature, fill-level, pressure, position and the size of workpieces x Detecting materials



14.3.1 Limit switches



A mechanical limit switch is an electrical pushbutton that is actuated when a machine part or workpiece is in a certain position. This is usually done by means of a cam that actuates the moving switch lever. Limit switches are usually designed as changeover contacts so that they can close, open and change over electrical circuits.
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2: positive opening lever, 3: housing,



1 5 6 8



4: compression spring, 5: bent leaf spring,



2



1



1: Guide bolt,



6: contact compression spring,



7



7: NO contact terminal,



9



8: contact blade, 9: NC contact terminal



Figure 14.3: Mechanical limit switch – cutaway view and circuit symbol



14.3.2 Proximity sensors



Contactless proximity sensors differ from mechanically actuated limit switches in that they can be triggered without an external mechanical actuating force. Proximity sensors are subdivided into the following groups: x Magnetically actuated proximity sensors x Capacitive proximity sensors (reed switches) x Optical proximity sensors x Inductive proximity sensors
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Reed switches



Reed switches are magnetically actuated proximity sensors. They consist of two contact reeds in a glass tube filled with inert gas. When a magnetic force is applied, the two reeds make contact allowing electrical current to flow. In the case of reed switches which function as normally closed contacts, the contact reeds are closed by small magnets. This preloading is overcome by the much more powerful switching solenoid. Reed switches have a long service life and a short switching time (approx. 0.2 ms). They are maintenancefree, but may not be used in environments subject to strong magnetic fields (e.g. in proximity to resistance welders). 1 4



3



Figure 14.4: Reed switch (normally open) – application example and circuit symbol



Electronic sensors



Electronic sensors include inductive, optical and capacitive proximity switches. They normally have three electrical connections: x Supply voltage terminal x Earth terminal x Output signal terminal No moving contacts are switched with these sensors. Instead, the output is either electronically connected to supply voltage or to ground (= 0 V output voltage).
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Positive-switching and negative-switching sensors



There are two different types of electronic proximity sensor with regard to the polarity of the output signal: x With positive-switching sensors, the output has a voltage of zero when there is no workpiece within the sensor’s response zone. The approach of a workpiece or machine part causes the output to switch, so that supply voltage is applied. x In the case of negative-switching sensors, supply voltage is applied to the output when there is no workpiece within the sensor’s response zone. The approach of a workpiece results in the output being switched to a voltage of 0 V. Inductive proximity sensors Metal



1 4 1



2



3



3



Figure 14.5: Inductive proximity sensor – operational circuit diagram, circuit symbol, basic representation; 1: resonant circuit, 2: flip-flop, 3: amplifier



Inductive proximity sensors consist of a resonant circuit (1), a flip-flop (2) and an amplifier (3). When voltage is applied to the terminals, the resonant circuit generates a high-frequency, alternating magnetic field which is emitted from the front surface of the proximity sensor. If a good electrical conductor is moved into this magnetic field, the resonant circuit is attenuated. The downstream flip-flop evaluates the resonant circuit signal and actuates the switching output via the amplifier. Inductive proximity sensors have the following characteristics: x All highly, electrically conductive materials are detected. Their function is limited to neither magnetisable materials nor metals, and they also detect graphite, for example. x Objects are sensed regardless of whether or not they are moving. x Large objects are sensed better than objects which are small relative to sensor surface area (e.g. chips).
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Capacitive proximity sensors



Capacitive proximity sensors measure the change in capacitance caused by an approaching object within the capacitor’s electric field. A capacitive proximity sensor consists of an ohmic resistance, a capacitor (resonant circuit) and an electronic circuit. An electrostatic field is built up in the space between the active electrode and the earth electrode. If an object penetrates this stray field, the capacitance of the capacitor changes. Not only are all materials with good electrical conductivity such as metals detected, but also all insulators with a large dielectric constant. Materials such as plastics, glass, ceramics, liquids and wood are detected. 1 4 1



2



3



3



Figure 14.6: Capacitive proximity sensor – operational circuit diagram, circuit symbol, basic representation; 1: resonant circuit, 2: flip-flop, 3: amplifier



Optical proximity sensors



There are three types of optical proximity switches: x Through-beam sensor x Retro-reflective sensor



x



Diffuse sensor



through-beam sensor



A through-beam sensor consists of physically separated emitter and receiver units. The components are mounted in such a way that the beam from the emitter strikes the receiver directly. If the light beam is interrupted, the contacts open or close. 1



1 4



Emitter



Receiver



Emitter



Receiver



3



3



Figure 14.7: Through-beam sensor – basic representation, circuit symbol
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Retro-reflective sensor



The emitter and receiver of the retro-reflective sensor are arranged next to each other. In order to be able to be able to operate the through-beam sensor, a reflector must be mounted so that the light beam from the emitter is reflected almost entirely onto the receiver. In this case as well, interruption of the light beam causes switching. Receiver
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Receiver



4 Emittler



Reflector



Emittler



Reflector



3



Figure 14.8: Retro-reflective sensor – basic representation, circuit symbol



Diffuse sensors



As with the retro-reflective sensor, the emitter and receiver of the diffuse sensors are also arranged next to each other. If the emitter beam is directed onto a reflective body, the receiver absorbs the reflected light and a switching signal is generated. The greater the reflectivity of the body that interrupts the light beam, the more reliably it’s detected. Receiver



Receiver



1 4



Emitter



Emitter



3



Figure 14.9: Diffuse sensor – basic representation, circuit symbol



14.3.3 Pressure switches



Pressure switches are used as control or monitoring devices. They can open, close or change over electrical circuits when a preselected pressure is reached. Supply pressure acts upon a piston surface. The resulting force works against an adjustable spring force. If pressure exceeds spring force, the piston moves and actuates the contact set. In the case of pressure switches with mechanically actuated contact set, a diaphragm, a corrugated tube or a Bourdon tube can be used instead of the coil spring.
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Figure 14.10: Piston pressure switch – cutaway view and circuit symbol per ISO 1219-1 and EN 60617-2



Diaphragm pressure switches whose contacts are no longer mechanically actuated, but rather electronically switched, are gaining significance. Pressure or force-sensitive sensors are required to this end, which make use of one of the following physical effects: x Resistance effect (diaphragm with strain gauge, electrical resistance changes when shape changes) x Piezo-resistive effect (electrical resistance changes when mechanical stress is altered) x Piezo-electric effect (an electric charge is generated due to mechanical loading) x Capacitive effect (capacitance changes when the mechanical loading is altered) The actual pressure sensitive element is attached to the diaphragm by means of diffusion, vapour-deposit or etching. An amplified analogue output signal is generated with the help of an appropriate electronic circuit. This signal can be used to display pressure values, or as a step enabling signal.



14.4 Relays and contactors



Relays and contactors are represented in the same way in the electrical circuit diagram; their basic mode of operation is the same as well. x Relays are used for switching relatively small amounts of power and current. x Contactors are used for switching relatively large amounts of power and current.



172



© Festo Didactic GmbH & Co. KG 574181



14 Electrical components



14.4.1 Relays



A relay is an electromagnetically actuated switch. It consists of a housing containing a solenoid and moving contacts. When voltage is applied to the solenoid coil, an electromagnetic field is generated. This causes the movable armature to move towards the coil core. The armature actuates the contact set. This can open or close a specific number of contacts. If the coil’s flow of current is interrupted, a spring returns the armature to its initial position. 2
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Figure 14.11: Relay – cutaway view and circuit symbol; 1: core, 2: return spring, 3: relay coil, 4: armature, 5: insulation; 6: contact



Application examples



There are different types of relays, for example time relays and counting relays. Relays can be used for different open and closed-loop control and monitoring functions: x As an interface between the control circuit and the load circuit x To multiply signals x For separating direct and alternating current circuits x For delaying, shaping and converting signals x To link information
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Terminal designations



Depending on their layout, relays have different numbers of NC contacts, NO contacts and changeover contacts, as well as time-delayed NC contacts, time-delayed NO contacts and time-delayed changeover contacts. Terminal designations for relays are standardised (EN 50005, 50011-13): x Relays are designated K1, K2, K3, etc. x The coil terminals are designated A1 and A2. x The contacts switched by the relay are also designated in circuit diagrams as K1, K2, etc. x There are also two-digit codes for the switch contacts. The first digit is used to number all of the contacts (classification digit), and the second digit specifies the type of contact (function digit). Number



Function



Number



Function



1, 2



NC contact



7, 8



NO contact, delayed



3, 4



NO contact



1, 2, 4



Changeover contact



5, 6



NC contact, delayed



5, 6, 8



Changeover contact, delayed



Table 14.1: Function digits for contacts



14.4.2 Contactors



Contactors work on the same basic principle as relays. Typical features of a contactor are: x Double-breaking feature (2 interrupt points per contact) x Positively driven contacts x Enclosed switching chambers (arc-quenching chambers) Each contactor has several logic elements (4 to 10 contacts are usual). Contactors also come in different designs with combinations of NC contacts, NO contacts, time-delayed NC contacts, etc. The contacts are subdivided into main contacts and auxiliary contacts (control contacts). x The main contacts are used to switch power from 4 to 30 kW. x The auxiliary contacts can be used to simultaneously switch additional control functions or logic operations. x Contactors that only switch auxiliary contacts (control contacts) are called auxiliary relays (control relays). x In contrast, contactors with main contacts for switching power are called power contactors (main contactors).



174



© Festo Didactic GmbH & Co. KG 574181



14 Electrical components



1



2



3



1



2



A1



1



3



5



A2



2



4



6



4 7



A2 A1



6



5



Figure 14.12: Contactor – cutaway view and circuit symbol; 1: contact compression spring, 2: moving switch element with contacts, 3: fixed switch element with contacts, 4: armature; 5: iron core (magnet), 6: coil, 7: compression spring



14.5 Programmable logic controllers



Programmable logic controllers (PLCs) are used for the purpose of signal processing. Use of PLCs is especially advantageous when a controller with numerous input and output signals, as well as comprehensive signal logic, is required. The input and output signals can be either binary or analogue. PLS program
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Figure 14.13: System components of a PLC
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14.5.1 Design and function of a PLC



Figure 14.13 shows the basic layout of a PLC. Its main component is the microprocessor system. The following factors are determined by microprocessor programming: x Which controller inputs (I1, I2, etc.) are read in x How these input signals are linked x To which outputs (Q1, Q2 etc.) the signal processing results are read out In the case of a PLC, the controller’s performance is not determined by the interconnection of electrical components, but rather by a program. 24 V
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Figure 14.14: Signal control section; left: with relay controller (schematic diagram, circuit diagram – not in compliance with standards), right: with programmable logic controller (PLC)



14.6 Overall layout of the signal control section



Figure 14.14 shows a schematic representation of the signal control section of an electro-hydraulic controller at the left, for which relays are used for signal processing. x The signal input components (inductive proximity sensors 1B1 and 1B2) are connected to the relays (K1, K2) via the controller inputs (I1, I2). x Signal processing is implemented by means of suitable interconnection of several relays. x The signal output components (directional control valve solenoid coils 1M1 und 1M2) are connected to the controller outputs (Q1, Q2). They are actuated via the relay contacts.
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Figure 14.14 shows a schematic representation of the signal control section of an electro-hydraulic controller at the right, for which an SPS is used for signal processing. x The signal input components (inductive proximity sensors 1B1 and 1B2) are connected to the PLC’s inputs (I1, I2). x The programmable microprocessor system of the PLC handles all of the signal processing tasks. x The signal output components (directional control valve solenoid coils 1M1 und 1M2) are connected to PLC’s outputs (Q1, Q2). Actuation takes place via an electronic circuit that is part of the microprocessor system.



14.7 Solenoids



Solenoids of four different types are commonly used to actuate solenoid valves: x DC solenoids which switch in air. These are also referred to a dry solenoids. x DC solenoids which switch in hydraulic fluid. These are also referred to a wet solenoids. x AC solenoids which switch in air. x AC solenoids which switch in hydraulic fluid. The DC solenoid assures high operating reliability and allows for gentle start-up. The solenoid coil is not burned out if, for example, the armature stops due to a jammed piston during its stroke. The DC solenoid is suitable for high switching frequencies. The AC solenoid is distinguished by its short switching times. If the armature is not able to travel through to the end-position, the solenoid coil may burn out.
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Figure 14.15: Characteristic stroke-force curve of a DC solenoid
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Solenoids have two end-positions. x Travel to the first end-position occurs when electrical current flows (solenoid is picked up, position C). x The second end-position is reached in the deenergised state by means of a return spring (solenoid is released, position A).
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During each switching operation, the armature also presses against the return spring, which reduces its force in the pick-up direction. x Magnetic force is small when stroke motion first begins. Armature motion therefore starts with a small idle stroke (position A). x The directional control valve’s control spool is not switched until greater magnetic force is achieved (position B). Wet solenoids



In the case of wet solenoids, the armature chamber contains hydraulic fluid. The solenoid is switched within the hydraulic fluid. The solenoid housing must have a leak-proof design in this case. The armature chamber is connected to the tank port so that the solenoid is not subjected to excessive pressure. Advantages of this design include: x Absolutely leak-proof and minimal friction because there is no dynamically stressed seal at the armature x No corrosion of the solenoid’s internal components x Cushioned armature stop x Good heat transfer 1
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Figure 14.16: Solenoids – cutaway views; left: wet solenoid, right: dry solenoid; 1: armature, 2: winding, 3: core, 4: seal, 5: manual override, 6: magnetic body, 7 armature tube



Dry solenoids



The designation dry solenoid indicates that the solenoid is separate from the hydraulic fluid. The stem is isolated from the hydraulic fluid in the valve by a seal. As a result, the solenoid must also overcome friction between the stem and the seal in addition to spring force and control spool friction.
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14.8 Spark arresting for solenoid valves



A solenoid coil which is connected to the electrical circuit stores magnetic energy. The magnetic energy is dissipated when the solenoid is switched off. The faster disconnection takes places, the more quickly energy is dissipated and the greater the induction voltage peak becomes. This may cause dielectric breakdown within the electrical circuit, or destroy the switch contact as a result of arcing. In order to avoid destruction of the contacts or the coil, energy stored to the coil must be dissipated slowly when it is switched off. This necessitates a protective circuit. There are various ways of implementing a protective circuit. Common to all protective circuits is the fact that current flowing through the coil does not change abruptly when it is switched off, but rather slowly and continuously. The two most common circuits are shown in the following figures: x Circuit with a diode x Circuit with a capacitor and a resistor



Figure 14.17: Safety circuits; left: with diode, right: with capacitor and resistor



In the case of spark arresting with a diode, it must be assured that the diode is poled in the blocked direction when the contact is closed. In the case of DC solenoids, supply power polarity is fixed. Consequently, an LED can be parallel connected to the coil as an actuation indicator. Protective circuit and actuation indicator are preferably integrated into an adapter which is plugged directly onto the solenoid coil underneath the connector plug. It can also be integrated directly into the connector plug.
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15 Workflow descriptions for processing machines and production systems 15.1 Function diagrams



The function diagram is intended to simplify planning, design and creation of control systems for machines and production equipment. The diagram is independent of the type of control system and the utilised technology. In addition, the function diagram can be used as a troubleshooting tool in the event of a malfunction. The basic principles of representation and symbols should be the same in all cases so that diagrams from different sources (international) can be read and understood immediately, and in order to prevent confusion. Often, the simplest form of representation that clearly describes the work flow is sufficient. Note



Function charts, logic symbols and action lines were recommended in VDI guidelines 3226 and 3260. These VDI guidelines became invalid in 1992 and 1994 respectively. The current standard is EN 60848, “GRAFCET – Specification language for sequential function charts”. Since function charts are widely used in industry for representing motion sequences, we will take a brief look at them.



15.1.1 Scope of the function diagram



Function diagrams are used to represent sequences of functions in mechanical, pneumatic, hydraulic, electrical and electronic control systems, as well as for combinations, for example electro-pneumatic, electro-hydraulic etc. Function diagrams consist of a motion diagram and a control chart. The motion diagram can be a displacement-step or a displacement-time diagram. The following section deals exclusively with the displacement-step diagram.
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15.1.2 Displacement-step diagrams S1



S2



Motion (travel, strokes) of the piston rods of cylinders 1A1 and 2A1 from sequence condition 1 to sequence condition 2 on the one hand, and from sequence condition 2 to sequence condition 3 on the other hand, are represented graphically by means of function lines (motion lines) (Figure 15.1).



Function line (motion line) 1
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Cylinder 1A1 1B1



0



2B2
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Cylinder 2A1 0



2B1



In addition to the function lines, signal lines can also be plotted in the displacement-step diagram. The signal line starts at the signal element and ends wherever a change in status is initiated based on this signal.



Signal line Figure 15.1: Displacement-step diagram for cylinder motion at cylinders 1A1 and 2A1



Arrows at the signal lines indicate signal direction. The designations of the individual input elements are marked at the starting point of the respective signal line. Function



Symbol



OR operation



S1



S2



Function



Symbol



AND operation



S1 S2



Signal branching



Limit switch signalling element



On signalling element



OFF signalling element



Table 15.1: Representation of signal lines and input elements
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15.2 Sequence description by means of GRAFCET per EN 60848



A GRAFCET essentially describes two aspects of a control process in accordance with defined rules: x The actions to be performed (commands) x The execution sequence A GRAFCET – also called a GRAFCET plan – is therefore divided into two parts. The structure depicts the process sequence in time and the process is broken down into consecutive steps. The structure does not describe the individual actions to be executed. These are included in the action or working section. In the example shown here, these are the blocks to the right of the steps as well as the transition conditions between the steps.



15.2.1 The basic principle of a GRAFCET 1. Sequences are subdivided into alternating: – Steps and – Transitions 2. Only one step is active at any given time. 3. Any desired number of actions can be linked to the steps. 4. Sequences can be branched out and merged back together as: – Alternative branchings or – Parallel branchings Step one must be observed in this case!



15.2.2 Steps



The processes are divided into steps. Each step is represented as a box (squares are preferable to rectangles). An alphanumeric identifier must appear in the top centre of the step field.



2



93



8B



Figure 15.2: Examples of steps
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Start step



Each sequence of steps has a start step. This is the initial position of the control system – the step at which the control system (not the machine!) is situated immediately after it is turned on. It is identified by a double frame. 1



Figure 15.3: Example of an initial step
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15.2.3 Transition condition



A transition is the link from one step to the next. It’s represented by a line running at right angles to the connection between the two steps. Exception



In the event of a return, the transition can also be on a horizontal action line in order to facilitate clarity. Most important rule



In order to create an error-free sequence, steps and transitions must always alternate!
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Pushbutton pressed (S1) and press up (1B1)



(press up)



(press up)



8



(press down)



S1*1B1 8



Press down (1B2)



(press down)



1B2



Figure 15.4: Examples of transition conditions



The step enabling condition appears on the right-hand side of the transition. The transition can be assigned a transition name. In order to avoid mix-ups, it must be placed on the left and in brackets. Note



The dot or the asterisk used describes an AND operation, the plus sign describes an OR operation. Negations are represented by means of a line over the variable name.



In order to continue with the next step after a defined period time, a time-dependent transition condition is used. The transition condition contains the time and status of the active step, separated by a slash.
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9



In the example shown here, X9 is the step variable for step 9 and represents the Boolean status of step 9. After 5 seconds, the sequence continues with step 10.



5s/X9 10



Figure 15.5: Example of time-limited execution of a step



15.2.4 Actions



One or more actions can be attached to a step. An action is represented as a rectangle with any aspect ratio. Different action behaviours are represented with different supplements. The order in which they are shown is not chronological order. 77



Action 1



77



Action 1



77



Action 1



Action 2



Action 3



Action 2



Action 3



77



Action 1 Action 2



Action 2 Action 3 Action 3 Figure 15.6: Examples for representing a step containing several actions



Actions differ according to how they are executed. We differentiate between two types of action: 1. Continuous actions These are executed over a specific period of time. Once the period ends, the action is automatically cancelled. 2. Stored actions These are executed once at a specific time. It is thus imperative that the time is specified precisely. An additional command is required in order to cancel the command.
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Type of action



Comment



Continuous action



Continuous action means that a value of 1 (i.e. true) is assigned



Example



4



Switch valve coil 3M2



4



Valve coil 3M2



4



3M2



to the specified variable for as long as the respective step is active. When the step is no longer active, the variable is assigned a value of 0, i.e. false.



Continuous action with



The variable described in the action is only assigned value 1



assignment condition



(true) if the assignment condition (B12 in our example) is



1B2 3



1M2



satisfied (true). Otherwise the variable is assigned a value of 0 (false) even if the step (step 3 in our example) is active. Continuous action with time-dependent assignment condition



2s/B9



The time to the left of the variable is started by the rising edge of



31



the variable. After this time has elapsed, the action is executed. This behaviour corresponds to a switch-on delay.



2M1



Step 31 B9 2M1 0
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4



6



8



10 s 12



2s



Delayed continuous action



2s/X27



If an action is to be executed with a time delay, the continuous



27



action with assignment condition can be extended to include a



4M1



time. The time and the step variable of the active step are specified as the assignment condition. The assignment condition is only satisfied after the specified time runs out and the variable specified in the action is assigned a value of 1.



Step 27 4M1 0
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10 s 12
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Time-limited continuous action



5s/X29



The time-limited action is produced by negating the condition of the time-delayed action.
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5M2



Step 29 5M2 0
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Table 15.2: Continuous actions
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Type of action



Comment



Stored action upon activation of the step



The variable is assigned the value specified in the action when



Example



the associated step becomes active. The value of the variable is



9



4M1:=1



14



4M1:=0



15



C:=C+1



12



4M1:=0



21



K1:=1



held in memory until it is overwritten by another action. Due to the fact that the value is assigned when the step is activated, i.e. when a rising signal edge occurs for the step variable, the action is identified by means of an upward pointing arrow.



Stored action upon deactivation of the step



The variable is assigned the value specified in the action when the step is deactivated. The value of the variable is held in memory until it is overwritten by another action. Due to the fact that the value is assigned when the step is deactivated, i.e. when a falling signal edge occurs for the step variable, the action is identified by means of an downward pointing arrow.



Stored action upon event



2B1



The specified value is only assigned to the variable described in the action if the step is active, and if a rising edge occurs for the



6



Part_OK:=1



42



Heart:=1



expression which represents the events. The symbol, which looks like a flag, is an arrow which points to the side. It denotes that the action is only executed with memory function when an event occurs. The arrow pointing upwards indicates that the action is executed when the event has a rising edge. Delayed stored action



20s/X42



If a time is defined as the event that triggers storage, the result is a delayed stored action. The arrow pointing upwards at the variable describes the rising edge, i.e. elapsing of the specified time.



Step 42 Heart 0
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50 s 60



20 s



Table 15.3: Stored actions
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15.2.5 Sequence selection Alternative branching



If a sequence provides several alternative possibilities, this is represented by simple branches. A sequence can branch into any number of alternatives. Each alternative has its own step enabling condition. These must be described unambiguously enough to assure that multiple conditions can never be fulfilled at the same time (mutual exclusion). Once the individual alternative branches are completed with their own transition, a simple merge leads directly to the next step. Parallel branch



With parallel branching, several subsequences are activated simultaneously whenever a transition condition is fulfilled. The subsequences are started at the same time, but processed independently of each other.
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Figure 15.7: Branches; left: example of an alternative branch; right: example of a parallel branch



Merging of the sub-sequences is synchronised. A transition to the step below the double line – step 6 in this example – is not possible until all parallel sub-sequences have been completely processed. A shared transition must be fulfilled to this end.
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15.2.6 Returns and jumps



1



Sequences are normally run through cyclically, in other words they represent a loop. To represent the loop structure, a line must run from the bottom to the top. An arrow must be added since this direction is opposite to the normal sequence direction of top to bottom.



9



Figure 15.8: Example of a return in a sequence structure



15.2.7 Structuring of GRAFCETs



The described elements are sufficient to describe sequences accurately and precisely without hierarchical levels. However, the standard also includes the elements needed to structure the hierarchy. Hierarchical levels are necessary for precisely defined general and detailed structures within the controller response, for operating modes and for the emergency stop function of complex controllers. A GRAFCET is divided into several parts when using different hierarchical levels. These parts are called subGRAFCETs. Each sub-GRAFCET is assigned a name which is preceded by a G. The main structuring elements are: x Forcing orders x Enclosing steps x Macro steps This chapter does not describe the structuring elements.
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16 Design of circuit diagrams 16.1 Hydraulic circuit diagrams



The hydraulic circuit diagram for a controller shows how the individual hydraulic components are connected and how they interact. The circuit symbols representing the components are arranged so as to obtain a clear circuit diagram in which there are as few intersecting lines as possible. A hydraulic circuit diagram therefore does not represent the actual spatial arrangement of the components. In the hydraulic circuit diagram, the components are represented by circuit symbols that are standardised in accordance with ISO 1219-1. It must be possible to recognise the following characteristics from a circuit symbol (also called a symbol): x Actuation type x Number of ports and their designations x Number of switching positions



16.1.1 Arrangement of circuit symbols in the hydraulic circuit diagram



The structure of a hydraulic circuit diagram, the arrangement of the circuit symbols and the identification and numbering of components are standardised per ISO 1219-2. The circuit symbols for the hydraulic components are arranged as follows in the circuit diagram for an electro-hydraulic control system: x At the top are the operating elements x Next come the valves for influencing speed, for example flow control valves and non-return valves. x These are followed by the control elements (directional control valves). x Energy supply is at the bottom left. For control systems that have more than one operating element, the symbols for the different drives appear next to each other. The circuit symbols for the associated valves are arranged under each drive circuit symbol.
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16 Design of circuit diagrams



Figure 16.1: Hydraulic circuit diagram for an electro-hydraulic control system with three control chains
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16.1.2 Position of cylinders and directional control valves



All components are represented in the hydraulic circuit diagram with applied operating pressure. The electrical signal control section is de-energised in electro-hydraulic circuit diagrams. This means: x Solenoid coils for directional control valves are not actuated. x Drives such as cylinders and motors are in their neutral positions. Neutral position



In the case of valves with return mechanisms, for example springs, the neutral position refers to the switching position assumed by the moving parts of the valve when the valve is not connected. Note



The neutral position cannot be clearly defined in the case of bistable valves because they have no return spring.



Initial position



Initial position refers to the switching position assumed by the moving parts of a valve after the valve has been installed to a system and operating pressure, as well as the electrical voltage if applicable, are activated, and the position where the specified control program starts. A



P



If valves are actuated in the initial position, this must be indicated by showing a trip cam. In this case, the actuated switching position must be connected.



Figure 16.2: 2/2-way stem actuated valve – actuated in initial position



16.1.3 Identification key for components



Each component, except for connecting pipes and hoses, is identified in the circuit diagram. The identification key contains: x The system number (this digit, can be omitted if the entire circuit consists of only one system) x The circuit number (mandatory digit) x The component identifier (mandatory letter) x The component number (mandatory digit)
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1



–



1



S



2



The identification key should be enclosed in a frame.



System number Circuit number Component identifier Component number



Figure 16.3: Identification key for components in hydraulic circuit diagrams



System number



If there are numerous systems and electro-hydraulic control systems in a plant, the system numbers make it easier to assign the circuit diagrams to the system. All hydraulic components in a control system are identified by the same system number. The system number is not shown in the identification key in the sample circuit diagram. Circuit number



All components for supplying energy are preferably identified by circuit number 0. The other circuit numbers are used for the various control chains, which are also called circuits. The following assignments apply to the depicted control system: x Energy supply and mains switch: number 0 x Lift control chain: circuit number 1 x Bend control chain: circuit number 2 x Index control chain: circuit number 3 Component identification and component number



Each component in an electro-hydraulic control system is assigned a component identifier and a component number in the circuit diagram. Within a circuit, components with the same component identifier are numbered consecutively from bottom to top and from left to right.
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16 Design of circuit diagrams



The valves in the lift control chain are thus identified as follows: x Directional control valve 1V1 (circuit number 1, component identifier V, component number 1) x Non-return valve 1V2 (circuit number 1, component identifier V, component number 2) Component



Identifier



Compressors



P



Power components



A



Drive motors



M



Signal recorders



S



Valves



V



Solenoid coils



M



Other components



Z (or any other letter not included in the list)



Table 16.1: Identification key for components in hydraulic circuit diagrams



16.1.4 Technical information



Certain components in the hydraulic circuit diagram are identified with additional information to make assembling a control system and replacing components during maintenance work easier. Component



Specifications



Sample value



Tanks



Capacity up to highest permissible fill-level



Max. 120 l



Type of hydraulic fluid



ISO VG 22 type HLP



Rated output



5.5 kW



Nominal speed



1420 rpm



Constant and variable displacement pumps



Geometric delivery rate



Gear pump, 16 cm per revolution



Filter



Degree of filtration



5 Šm



Pressure regulator



Selected pressure or permissible pressure range for the system



Operating pressure: 80 bar (8 MPa)



Non-return valve



Opening pressure



1 bar (0.1 MPa)



Electric motor



3



Table 16.2: Technical data for components in hydraulic circuit diagrams
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Component



Specifications



Sample value



Directional control valve



Nominal size



NG 6



Cylinder



Cylinder / piston rod diameter – stroke



50/28-300 mm



The function of each cylinder must be entered



1A1, lifting



Displacement volume



12.9 cm



Speed



1162 rpm



Piping



Outside diameter and wall thickness



22 x 2 mm



Hoses



Nominal diameter (ID)



20 mm



Hydraulic motor



3



Table 16.2: Technical data for components in hydraulic circuit diagrams (continued)



16.2 Electrical circuit diagram



The electrical circuit diagram for a control system shows how the electrical control components are connected and how they interact. The following circuit diagram types are used in accordance with EN 61082 depending on the task: x Block diagram x Circuit diagram x Operational circuit diagram Block diagram



The block diagram provides an overview of the electrical devices in larger systems, for example an assembly system. It shows only the most important relationships. The various subsystems are shown in greater detail in other circuit diagrams. Operational circuit diagram



The operational circuit diagram shows the individual functions of a system. It does not take into consideration how these functions are executed. Circuit diagram



The circuit diagram shows the details of how systems, installations, equipment etc. are implemented. It contains: x The circuit symbols of the operating equipment x The connections between these pieces of equipment x The equipment identifiers x The connection identifiers x Further information needed to follow the paths (signal identifier, notes on the representation location)
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Coherent and exploded representation of a schematic diagram



In the coherent representation of a schematic diagram, each device is drawn as a coherent symbol, even a relay, for example, that has several normally open and normally closed contacts. In the exploded representation of a schematic diagram, the different components in a device can be drawn at different locations. They are arranged so as to produce a clear-cut, linear representation with as few intersecting lines as possible. The normally closed and normally open contacts in a relay can, for example, be distributed over the entire circuit diagram. Electrical circuit diagram for an electro-hydraulic controller



An exploded circuit diagram is used in electro-hydraulics to represent the signal control section. A block diagram or operational circuit diagram is only additionally created in the case of very extensive controllers. In actual practice, the term “electrical circuit diagram for an electro-hydraulic controller” always refers to the schematic diagram.



16.2.1 Electrical circuit diagram of an electro-hydraulic control system



In the schematic diagram for an electro-hydraulic control system, the circuit symbols for the components required for implementing operations and sequences are entered consecutively from top to bottom and from left to right. Relays and solenoid coils are always drawn underneath the contacts. Further measures to ensure good legibility of a schematic diagram include: x Classification into individual current paths x Identification of the devices and contacts by means of letters and numbers x Breakdown into control circuit and primary circuit x Preparation of logic element tables
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Current paths



The individual current paths in an electro-hydraulic controller are drawn next to each other in the schematic diagram and consecutively numbered. The schematic diagram of an electro-hydraulic control system has 10 current paths. Current paths 1 through 8 belong to the control circuit, current paths 9 and 10 to the primary circuit. 1 24 V 3
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Figure 16.4: Electrical circuit diagram (schematic diagram) of an electro-hydraulic control system; S1: mains switch; 1B1/1B2: limit switches; S2: start button; 1B3: pressure switch; S3: acknowledge button



16.2.2 Identification of components



The components in the schematic diagram for a controller are identified by a letter. Components with the same identifier are consecutively numbered (e.g. 1B1, 1B2, etc.). Sensors and solenoid coils must be represented both in the hydraulic circuit diagram and in the schematic diagram. To ensure clarity and legibility, the circuit symbols should be identified and numbered in the same way in both diagrams. If, for example, a specific limit switch in the hydraulic circuit diagram was identified as 1B1, the same identifier should also be used in the schematic diagram.
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Component



Identifier



Limit switch, reed switch, electronic proximity sensor, pressure switch



B



Relay



K



Valve solenoid coil



M



Indicators



P



Contactors



Q



Manually operated pushbuttons



S



Table 16.3: Designations of components in the schematic diagram (EN 81346-2)



Example for identifying components



The components represented in the schematic diagram are identified as follows: x Manually operated switches: S1, S2 and S3 x Limit switches: 1B1 and 1B2 x Pressure switch: 1B3 x Relays: K1, K2, K3 and K4 x Solenoid coil: 1M1 x Lamp: P1



16.2.3 Logic element tables for relays and contactors



All contacts actuated by a relay or contactor coil are listed in a logic element table. Logic element tables are arranged underneath the current path where the relay coil is located. Logic element tables can be simplified or comprehensive. 7 7 Normally closed contact in current path 7



3 4 6



Normally open contact in current path 4



3



4



6



11



23



33



43



12



24



34



44



Figure 16.5: Logic element table for a relay; left: simplified form, right: comprehensive form



© Festo Didactic GmbH & Co. KG 574181



197



16 Design of circuit diagrams



Examples of logic element tables



There are a total of 4 logic element tables for the sample schematic diagram (Figure 16.4): x Current path 2: logic element table for relay K1 x Current path 4: logic element table for relay K2 x Current path 5: logic element table for relay K3 x Current path 7: logic element table for relay K4



16.2.4 Actuated contacts and sensors 1



3



2



4



Figure 16.6: Representation of actuated contacts in the schematic diagram; left: actuated NC contact, right: actuated NO contact



The electrical circuit diagram is represented in de-energised state (electrical supply power is switched off). If sensors such as limit switches and proximity sensors are actuated in this position, they are identified with an arrow. The associated contacts are also represented in actuated position.



16.3 Terminal connection diagram



With an electro-hydraulic control system, sensors, control elements, the signal processing components and solenoid coils have to be wired together. The layout of the control components must be taken into consideration here: x Sensors are often mounted in locations that are difficult to access. x The signal processing components (relay, programmable logic controller) are usually located in a control cabinet. x The control elements are either installed directly in the front of the control cabinet, or the controller is operated via a separate console. x Solenoid actuated directional control valves are combined into control blocks or mounted individually in close proximity to the drive. The large number of components and the distances between them make wiring a substantial cost factor in an electro-hydraulic control system.
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The wiring of an electro-hydraulic controller must satisfy the following requirements: x Cost-effective setup (use of components that offer good value for the money with quick wiring, optimisation of the schematic diagram with respect to wiring complexity, use of components with a reduced number of connections) x Simple troubleshooting (clear, easy to understand and precisely documented wiring) x Quick repair (easy replacement of components by means of terminal or plug connections, no solderedon components) Wiring via terminal strips



Terminal strips are used in controllers with individual wiring in order to fulfil requirements for low wiring costs, easy troubleshooting and an easy-to-repair structure. All lines that lead out of or into the control cabinet are connected to a terminal strip. Defective components can be easily disconnected from the strip and replaced. If additional terminal strips are mounted directly to the system or the machine, components outside of the control cabinet can be connected via much shorter supply lines. Installing and replacing the components are made even easier. Each additional terminal strip is installed in a terminal box to protect it against environmental influences. Control cabinet Signal processing



Control cabinet Signal processing



Power supply



Power supply



Terminal strip



Terminal strip



Terminal strip



Solenoid coils



Solenoid coils



Sensors



Sensors



Machine



Machine



Figure 16.7: Structure of an electro-hydraulic controller using



Figure 16.8: Structure of an electro-hydraulic controller using



terminal strips – terminal strip in the control cabinet



terminal strips – terminal strips in the control cabinet and at the machine
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Structure of terminals and terminal strips 2



1



3



A terminal has two fixtures for electrical cables with conduct electrical current to each other. All of the terminals are secured on a strip one next the other. Electrically conductive connections between adjacent terminals can be established by means of jumpers.



4 1: Wire 1, 2: terminal, 3: wire 2, 4: assembly strip Figure 16.9: Terminal



Terminal assignments



The two goals of wiring a controller as cost-effectively and clearly as possible are mutually exclusive. For controller maintenance, it makes sense to assign the terminals within a terminal strip such that the wiring structure is as clear-cut as possible. In actual practice we find: x Controllers with systematic, easy to maintain terminal assignments x Controllers where the number of terminals has been minimised at the expense of clarity x Hybrid forms



Note



Under no circumstances may several wires be connected to a single terminal.



Advantages



Disadvantages



Clear-cut terminal assignment



Minimised number of terminals



– Quick troubleshooting



– Savings (space in the control cabinet, terminals)



– Easy to understand



– Less wiring required



– Easy to repair



– Fewer sources of error during wiring



– Cost of materials



– Unclear and time-intensive, particularly for persons not



– Time-consuming wiring



familiar with the system



Table 16.4: Advantages and disadvantages with regard to terminal assignments
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16.3.1 Structure of a terminal connection diagram



Terminal assignments are documented in the terminal connection diagram. It consists of two parts: the schematic diagram and the terminal assignment list. Each terminal is represented as a circle in the schematic diagram. The terminals are identified with an X and numbered consecutively within a terminal strip (terminal designation, e.g. X1, X2, etc.). If there are several terminal strips, each is also assigned an ordering number (terminal designation, e.g. X2.6 for the 6th terminal on terminal strip 2). A terminal assignment list specifies the assignment of all terminals in a strip in sequence. If a controller has several terminal strips, a list is created for each strip. Terminal assignment lists are used as documentation when assembling the controller, during troubleshooting (measurement of signals at the terminals) and when executing repairs. Creating a terminal connection diagram



The starting point for the terminal connection diagram is the schematic diagram without any terminal assignments. The terminal connection diagram is created in two steps: 1. Terminal numbers are assigned and the terminals are drawn into the schematic diagram. 2. The terminal assignment list(s) is (are) created. Sample application



The following section describes a terminal assignment approach that produces a clear-cut, easily understood wiring layout. The starting point for creating the terminal connection diagram is: x The schematic diagram for a controller in which the terminals are not marked x A template for a terminal assignment list Assigning the terminal numbers



The terminal numbers are assigned in ascending order and marked in the schematic diagram. The terminals in the schematic diagram are assigned in three steps: 1. Power supply for all current paths (terminals X1.1 to X1.4 in the schematic diagram) 2. Earth connection for all current paths (terminals X1.5 to X1.8 in the schematic diagram)
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3. Connection of all components located outside of the control cabinet according to the following system: – In the order of the current paths – Within each current path from top to bottom – For contacts in the order of the function digits – For electronic components in their order of connection Supply voltage, signal connection (if available), ground connection. The components occupy terminals X1.9 through X1.17 in the circuit diagram. 24 V
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Figure 16.10: Electrical circuit diagram of an electro-hydraulic



0V



X1.8



Figure 16.11: Electrical circuit diagram with terminals



control system



Completing the terminal assignment list, example



Completing the terminal assignment list involves the following steps: 1. Entering the component and connection designations for the components outside of the control cabinet (on the left-hand side of the terminal assignment list) 2. Entering the component and connection designations for the components inside the control cabinet (on the right-hand side of the terminal assignment list) 3. Drawing in the necessary jumpers (in our example: terminals X1.1 through X1.4 for 24 V supply voltage, X1.5 through X1.8 for supply earth) 4. Entering the terminal to terminal connections that cannot be implemented as jumpers
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BN BK BU 13 14 2 1



Goal Terminal designation



1B1 1B1 1B1 S1 S1 1B2 1B2 1M1 1M1



1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20



Component designation



0V



Jumper



Terminal designation



Component designation



24 V



Terminal no. X1 …



Control Cabinet



Goal



Machine



X1 X1 X1 K2 X1 K1 K2 X1 X1 K1 X1 X1 K1 X1 K2 K2 X1



9 12 14 24 11 A2 A2 17 1 A1 5 2 14 3 14 21 8



Figure 16.12: Terminal assignment list for the sample controller



16.3.2 Wiring for an electro-hydraulic control system



The layout of a terminal assignment list is matched to the terminal strip structure. Accordingly, an electrohydraulic controller can, to a large extent, be wired on the basis of the terminal assignment list. x All lines that lead to components outside of the control cabinet are connected to the left-hand side of the terminal strip in accordance with the list. x All lines that lead to components inside the control cabinet are connected to the right-hand side of the terminal strip in accordance with the list. x Adjacent terminals where a jumper is shown in the terminal assignment list are electrically connected. Lines that connect two components in the control cabinet are not wired via the terminal strip. They are therefore not included in the terminal assignment list and have to be wired according to the schematic diagram.
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17 Safety measures for electro-hydraulic control systems 17.1 Hazards and protective measures



Numerous protective measures are necessary to ensure safe operation of electro-hydraulic controllers. One potential source of hazards is moving machine and system parts. With a hydraulic press, for example, measures must be implemented in order to prevent the operator’s fingers or hands from getting caught. Figure 17.1 provides an overview of sources of danger and suitable protective measures. Hazards due to moving machine parts and system parts (cylinders, axes, grippers, suction cups, clamping devices, presses, workpieces etc.)



Protection by means of enclosure/cover • Cage • Grating



Protection by means of controls and indicators • Warning lamps • Emergency stop • Two-hand safety control



Protection by means of signal processing • Protection against unsupervised start-up • Resetting procedure



Figure 17.1: Moving machine and systems components – sources of danger and protective measures



Other hazards are posed by electricity. Figure 17.2 summarises hazards and protective measures related to electricity. Hazards due to current conducting components (power pack, sensors, signal processing components, solenoid coils in directional control valves)



Protection against contact voltage • Protective extra-low voltage • Cover/enclosure • Adequate clearance • Earthing



Protection during maintenance and repair work • Mains switch with lock



Protection of electrical operating equipment against environmental influences • Protection against dust / foreign bodies • Protection against water/moisture



Figure 17.2: Electrical current – sources of danger and protective measures
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Safety regulations



Numerous safety regulations and standards must be adhered to when setting up electro-hydraulic controllers in order to rule out any danger to operating personnel insofar as possible. The main standards relating to protection against electrical hazards are listed below: x Protective measures for high-voltage systems up to 1000 V (IEC 60364-1) x Provisions relating to electrical equipment and safety of machinery (EN 60204) x Protection class of utilised electrical equipment (EN 60529) The following safety regulations apply to hydraulics: x Accident prevention regulations, directives, safety rules and basic testing principles of the trade association x Equipment Safety Act 89/391/EEC which is valid throughout Europe x Pressure Equipment Directive 97/23/EC, Europe-wide



17.2 Effects of electric current on the human body



When a person touches a live part, an electrical circuit is completed. Electrical current I flows through the person’s body.



I G ~



Figure 17.3: Touching live parts



17.2.1 Effects of electric current



The effects of electric current on the human body increase with the intensity of the current and the length of time in contact with the current. The effects are grouped according to the following threshold values: x Below the threshold of perception, electric current has no effect on the human body or human health.
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x Up to the release threshold, electric current is perceived but it poses no health risk. x Above the release threshold, muscles cramp and cardiac function is impaired. x Above the fibrillation threshold, effects include cardiac arrest or ventricular fibrillation, respiratory arrest and unconsciousness. Acute risk to life occurs in this case.



The perception, release and fibrillation thresholds are plotted for alternating current with a frequency of 50 Hz in the graphic. This corresponds to the frequency of the public electrical mains. For direct current, the threshold values for endangering people are slightly higher.
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Figure 17.4: Danger zones with AC voltage (frequency: 50 Hz/60 Hz)



17.2.2 Electrical resistance of the human body



The human body offers resistance to the flow of current. Electric current may enter the body through the hand, for example, after which it flows through the body to re-emerge at another point (e.g. at the feet). Accordingly, electrical resistance RH of the human body is the result of a series circuit comprising entry resistance RE1, internal resistance RI and exit resistance RE2.
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It’s calculated using the following formula:



RM



RÜ1  RI  RÜ2



Contact resistances RC1 and RC2 vary greatly depending on the contact surface and the moistness and thickness of the skin. This affects total resistance RH. It may lie between the following extremes: x Less than 1000 : (large contact surfaces, wet, sweaty skin) x Several million : (point contact, very dry, thick skin) I
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G ~



G ~



RI RM
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Figure 17.5: Electrical resistance of the human body



17.2.3 Variables influencing the risk of accident



Current I through the human body is dependent on source voltage U, resistance RL of the electrical conductor, resistance RH of the person and resistance RE of the earth. I



It is calculated as follows:



RL



I



U RL  RM  RE



RM



U ~



RE



Figure 17.6: Current through the human body
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According to this formula, a high current, i.e. a high level of danger, results from: x Touching an electrical conductor carrying high voltage U (e.g. a conductor in the electrical supply network, 230 V AC) x Contact with low contact resistance RC and, consequently, low resistance RH (e.g. large contact surfaces, sweaty skin, wet clothing)



17.3 Protective measures against accidents with electric current



There are a wide variety of protective measures which prevent the operator of an electro-hydraulic controller from being subjected to the risk of electrical shock.



17.3.1 Protection against direct contact



Protection against touching live parts is stipulated for both high and low voltages. Such protection can be ensured by: x Maintaining sufficient distance x Insulation



x



Covers



17.3.2 Earthing



Components that are liable to be touched by anyone must be earthed. If an earthed housing becomes live, this results in a short-circuit and overcurrent protective devices are tripped, thus interrupting supply power. Various devices are used for overcurrent protection: x Fuses x Residual current circuit breakers (RCCBs) x Power circuit breakers



17.3.3 Protective extra-low voltage



No risk to life results from touching an electrical conductor carrying a voltage of less than roughly 30 V, because only a small current flows through the body. For this reason, electro-hydraulic control systems are not normally operated at the voltage of the electrical supply network (e.g. 230 V AC), but rather at 24 V DC. Supply voltage is reduced by a power pack with an isolating transformer. Despite this precaution, the electrical wiring at the inputs to the power pack carries high voltage.
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17.4 Control panel and indicators



Control elements and indicators must be designed so that they ensure safe, quick operation of the control system. The functions, arrangement and colour coding of the control elements and indicator lights are standardised. This allows for the use of uniform operating procedures for different controllers and, operating errors are prevented as far as possible.



17.4.1 Mains switch



Every machine and system must have a mains switch. This switch is used to switch off electrical supply power during cleaning, maintenance and repair work, and for lengthy shutdown periods. The mains switch must be manually operated and may have only two positions: “0” (off) und “1” (on). The off position must be lockable in order to prevent manual or remote starting. If there is more than one incoming supply line, the main switches must be interlocked so that no danger can arise for maintenance staff.



17.4.2 Emergency stop



If it is directly manually actuated, the emergency stop operating device must be equipped with a mushroom button. Indirect operation by pull-wire or foot pedal is permissible. If there is more than one workstation or operating panel, each must have its own emergency stop operating device. The colour of the emergency stop actuating element is a conspicuous red. The area beneath the control switch must be identified in contrasting yellow. Once the emergency stop device has been actuated, the drives must be shut down as quickly as possible, and the controller must be isolated from the electrical and hydraulic power supplies if at all possible. The following limitations must be observed: x If lighting is necessary, it must not be switched off. x Auxiliary units and brake devices provided to facilitate rapid shutdown must not be rendered ineffective. x Clamped workpieces must not be released. x If necessary, return motion must be initiated when the emergency stop device is actuated. However, motion of this sort should only be initiated if this is possible without danger.
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Differentiation between emergency off and emergency stop



Emergency off is a function which is primarily targeted at averting danger resulting from electrical current or voltage, for example in test bays and laboratory facilities, as well as in switchgear and distributor systems. Emergency stop is a function which serves primarily to bring motion to a standstill in order to avert danger resulting from such motion, for example motion executed by machines.



17.4.3 Control elements for an electro-hydraulic control systems



An electro-hydraulic control system has other control elements in addition to the mains switch and the emergency stop switch. An example of a control panel is shown below. Mains switch



Manual



Emergency stop



Reset



Press up



Inching



Press down



Automatic



Continuous cycle on



Start single cycle



Continuous cycle off



Figure 17.7: Control panel for an electro-hydraulic control system (example)



In the case of electro-hydraulic control systems we differentiate between: x Manual operation x Automatic, i.e. program-controlled operation Manual operation



The following control elements are active during manual operation: x Return: The system is advanced to its initial position. x Inching operation: Each time the pushbutton is pressed, the sequence is advanced by one step. x Individual motion: A drive is set into motion when the corresponding pushbutton or control switch is actuated (e.g. “press up” or “press down”).
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Automatic operation



The following operating modes are only possible with automatic operation: x Single cycle: The sequence is executed once. x Continuous cycle: The sequence is executed continuously. Pressing the “Continuous cycle off” pushbutton (or a “Stop” button) interrupts the sequence. Interruption occurs either after the next step, or after completion of the entire sequence. The mains switch and the emergency stop switch are enabled in all operating modes. They must be available on every electrohydraulics controller, along with control elements for “Manual” and “Automatic”, “Start”, “Stop” and “Reset”. Which control elements are necessary in addition to these depends on each individual application. Colour coding of control elements



The following table provides an overview of the colours of control elements and their meanings in accordance with EN 60204. Colour



Command



Targeted operating status



Red



Stop, off



Shut down one or more motors. Shut down units of a machine. Switch off magnetic clamping devices. Stop the cycle (if the operator presses the pushbutton during a cycle, the machine stops once the current cycle has been completed).



Emergency stop



Stop in the event of danger (e.g. shutdown because of dangerous overheating)



Green



Start, on, inching



Energise control circuits (ready for operation). Start one or more motors for auxiliary functions. Start units of the machine. Switch on magnetic clamping devices. Inching operation (inching when switched on).



or black Start return motion outside of the



Return machine units to the cycle’s starting point, if the cycle has not yet been



normal work sequence, or start motion to counteract dangerous conditions.



completed. Actuation of the yellow pushbutton may deactivate other, previously selected functions.



White



Any function for which none of the



Control auxiliary functions which are not directly linked to the operating cycle.



or black



above colours is used.



Yellow



17.1: Colour coding of control elements of machine controllers
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Colour coding of indicator lights



In order to enable operating staff to immediately identify the operating status of a system, especially in the event of malfunctions and dangerous situations, indicator lights are colour-coded in accordance with EN 60204. The following table shows the meanings of the various colours. Colour



Operating state



Red



Abnormal state



Application examples



Indication that the machine has been stopped by a protective device (e.g. due to overload, overtravel or some other fault). Prompt to shut down the machine (e.g. due to overload).



Yellow



Attention or caution



Green



Machine ready to start



A value (current, temperature) is approaching its maximum permissible limit. Signal for automatic cycle. Machine in standby: all auxiliaries are functional. The (various) units are in their initial positions and hydraulic pressure or transformer voltage have reached their specified values. The work cycle is completed and the machine is ready for restarting.



White (colourles s) Blue



Electrical circuits energised, normal during operation



Mains switch in on position. Selection of speed or direction of rotation. Individual drives and auxiliary drives in operation. Machine running.



Any function for which none of the above colours is used.



17.2: Colour coding of indicator lights for machine controllers



17.5 Protecting electrical equipment against environment influences



Electrical equipment such as sensors or programmable logic controllers may be exposed to a variety of environmental influences. Factors which might impair operation of such equipment include dust, moisture and foreign matter. Depending on the installation and environmental conditions, electrical equipment may be protected by enclosures and seals. Such measures also prevent danger to personnel while handling the equipment.
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17.5.1 Identification of the degree of protection



The identifier for the degree of protection in accordance with EN 60529 consists of the two letters IP (standing for International Protection) and two digits. The first digit indicates the level of protection against the ingress of dust and foreign bodies, and the second digit specifies the level of protection against the ingress of moisture and water. The following tables indicate the correlations between protection classes and degrees of protection. First



Scope of protection



digit



Designation



Explanation



0



No protection



No particular protection for persons against accidental contact with live or moving parts. No protection for the equipment against ingress of solid foreign bodies.



1



Protection against large foreign bodies



Protection against accidental contact of large areas of the body, e.g. hands, with live and internal moving parts, but with no protection against intentional contact with these parts. Protection against ingress of solid foreign bodies with diameters of greater than 50 mm.



2



Protection against medium- Protection against finger contact with live or internal moving parts. Protection against sized foreign bodies



ingress of solid foreign bodies with diameters of greater than 12 mm.



Protection against small foreign bodies



Protection against contact with live or internally moving parts with tools, wires, etc.



4



Protection against granular foreign bodies



Protection against ingress of solid foreign bodies with diameters of greater than 1 mm.



5



Protection against dust



Complete protection against contact with live or internal moving parts. Protection



deposits



against harmful dust deposits. The ingress of dust is not totally prevented, but the dust is unable to enter in sufficient quantities to impair operation.



Protection against ingress of dust



Complete protection against contact with live or internal moving parts. Protection against ingress of dust.



3



6



with a thickness greater than 2.5 mm. Protection against ingress of solid foreign bodies with diameters of greater than 2.5 mm.



17.3: Protection against contact, dust and foreign bodies
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Second



Scope of protection



digit



Designation



Explanation



0



No protection



No specific protection



1



Dripping water



Vertically falling droplets may not have any harmful effect.



2



Water drops at 15° angle



Vertically falling droplets may not have any harmful effect if the housing is tilted at an angle of up to 15° to either side of the vertical.



3



Spraying water



Water sprayed at any angle of up to 60° to either side of the vertical may not have any harmful effect.



4



Splashing water



Water splashing against the enclosure from any direction may not have any harmful effect.



5



Water jets



Water projected in jets against the enclosure from any direction may not have any harmful effect.



6



Powerful water jets



Water projected in powerful jets against the enclosure from any direction may not have any harmful effect.



7



Temporary immersion



Water may not enter the equipment in amounts that can have a harmful effect if the enclosure is briefly submerged in water under standardised pressure and time conditions.



8



Prolonged immersion



Water may not penetrate in harmful amounts if the housing is continually submersed under water under conditions which must be agreed upon by the manufacturer and the user. However, the conditions must be more extreme than those for level. 7.



17.4: Protection against moisture and water



17.6 Safety principles for electro-hydraulic systems 17.6.1 Layout of an electro-hydraulic system x Install emergency stop pushbuttons at easily accessible positions. x Use standardised components only. x Enter all changes to the circuit diagram without delay. x Nominal pressure must be plainly visible. x Make sure that the integrated devices are approved for the system’s maximum operating pressure. x Suction lines must be laid out such that no air can be drawn in. x Check the temperature of the hydraulic fluid in the suction line to the pump. It may not exceed 60 C. x The cylinders’ piston rods must not be subjected to any bending loads; no lateral forces may be applied. Protect piston rods from damage and contamination.
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17.6.2 Commissioning an electro-hydraulic system x Do not operate any systems or actuate any switches if you are unaware of their functions. x All setting values must be known. x Do not switch supply power on until all lines have been connected. Important: Make sure that all return lines and leakage oil lines are fed to the tank. x For initial commissioning of the system, open the system pressure-relief valve nearly all the way and slowly adjust the system up to operating pressure. Pressure-relief valves must be installed such that they cannot be rendered non-functional. x Rinse the system carefully before commissioning, and then replace filter cartridges. x Deaerate the system and its cylinders. x Above all the hydraulic lines to the accumulator must be carefully deaerated. Deaeration is usually possible at the accumulator’s safety block and shut-off block. x Special care must be taken with hydraulic accumulators. Stipulations specified by the manufacturer must be observed before commissioning accumulators.



17.6.3 Repair and maintenance of an electro-hydraulic system x No repair work may be conducted on hydraulic systems until fluid pressure has been relieved from the accumulator. If possible, isolate the accumulator from the system (by means of a valve). Never discharge the contents of the accumulator while it’s under pressure! Set up and operation are regulated by technical rules for pressure vessels. x Execute a new commissioning procedure after repairs in accordance with the safety regulations listed above. x All hydraulic accumulators are subject to the pressure vessel regulation and must be inspected at regular intervals.
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18 Circuit symbols 18.1 Circuit symbols for hydraulic components In order to depict hydraulic systems in a clear-cut fashions in drawings, we use simple circuit symbols for the individual components. A circuit symbol depicts a component and its function, but does not tell us



anything about its design layout. Circuit symbols are specified in ISO 1219-1. Note



An arrow drawn through the circuit symbol at an angle means that the depicted component can be adjusted.



18.1.1 Circuit symbols for hydro pumps and hydraulic motors



Circuit symbols for hydraulic motors only differ from those for hydro pumps in that the arrows which indicate the direction of flow point in the opposite direction. Function



Circuit symbol



Hydro pump



Function



Circuit symbol



Hydro pump with constant displacement volume in two directions of flow



General, variable displacement pump



Hydraulic motor with constant displacement volume and two directions of rotation



Variable displacement pump with pressure regulation



Hydraulic motor with adjustable displacement volume and two directions of rotation



Table 18.1: Symbols for the power supply section
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Function



Circuit symbol



Function



Filter



Heating



Hydraulic accumulator (diaphragm accumulator)



Cooling



Circuit symbol



Table 18.1: Symbols for the power supply section (continued)



18.1.2 Circuit symbols for valves



Circuit symbols for hydraulic valves consist of one or more squares. Function



Circuit symbol



Function



Switching positions are represented



Closed ports are represented by two



by squares



lines drawn at right angles to each other



The number of squares corresponds to the number of switching positions Lines indicate flow paths, arrows indicate flow direction



Circuit symbol



Connecting lines for supply and discharge are drawn on the outside of a square



Table 18.2: Building blocks for valve circuit symbols



18.1.3 Circuit symbols for directional control valves



Ports, switching positions and flow paths are depicted in circuit symbols for directional control valves. With a solenoid actuated directional control valve, the ports are drawn at the switching position assumed by the valve when the power supply is switched off.
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Function



Symbol



1st digit: number of ports 2nd digit: number of switching positions A



2/2-way valve in normally closed position



P



A



3/2-way valve in normally closed position P



T A



3/2-way valve in normally open position



4/2-way valve, flow from P to A and from B to T



4/3-way valve, mid-position closed



P



T



A



B



P



T



A



B



P



T



Table 18.3: Way valves – ports and switching positions



Identification of ports and actuation on directional control valves



Working lines (all valve types)



Function



Designation



Pressure supply port



P



Working ports



A, B



Return port



T



Leakage oil



L



Pilot lines



X Y



Table 18.4: Identification of working lines and pilot lines with directional control valves



The designations always apply to the valve’s neutral position. If there isn’t one, they refer to the valve’s switching position when the system is in its initial position.
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18.1.4 Circuit symbols for actuation methods



The switching position of a way valve can be changed by means of various actuation methods. Symbols for the most important actuation methods are listed below. Additional actuation methods are included in ISO 1219-1. Function



Circuit symbol



By pressing



Function



Circuit symbol



By pulling



Table 18.5: Actuation methods for directional control valves – manual operation



Function



Circuit symbol



Function



By means of a stem



By means of a spring



By means of a roller plunger



Spring-centred



Circuit symbol



Table 18.6: Actuation methods for directional control valves – mechanical actuation or resetting



Function



Symbol



By one solenoid By two solenoids Piloted valve, solenoid actuated at both sides, manual override



Table 18.7: Actuation methods for directional control valves – solenoid actuation, combined actuation
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18.1.5 Circuit symbols for pressure regulators



Pressure regulator are subdivided into pressure-relief and pressure-reducing valves. x Pressure-relief valves The pressure of any given system is selected and limited with these valves. Pilot pressure is detected at the valve’s inlet (P). x Pressure-reducing valves These valves reduce output pressure for varying supply pressure levels. Pilot pressure is sensed at the valve’s outlet port. Function



Circuit symbol T



Adjustable pressure-relief valve



Function



Circuit symbol



Adjustable 2-way pressure-relief valve



A



P



P



Adjustable 3-way pressure-relief valve



A



P T



Table 18.8: Symbols for pressure regulators



18.1.6 Circuit symbols for flow control valves



Flow control valves are subdivided into flow control and flow regulating valves. Function



Circuit symbol



Function



Circuit symbol



Orifice valve



One-way flow control valve



Adjustable flow control valve



2-way flow control valve



Flow divider



Table 18.9: Symbols for flow control valves
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18.1.7 Circuit symbols for shut-off valves



Shut-off valves block flow in one direction and allow for free flow in the other. In the case of piloted nonreturn valves, blocking can be eliminated by means of a pilot port. Shut-off valves are used to manually render the system pressure-free, or to relive the accumulator. Function



Circuit symbol



Function



Non-return valve



Piloted non-return valve



Non-return valve, spring-loaded



Shut-off valve



Circuit symbol



Table 18.10: Symbols for shut-off valves



18.1.8 Circuit symbols for cylinders



Single-acting cylinders have only one port, which means that only the surface of the piston can be pressurised with hydraulic fluid. Function



Circuit symbol



Single-acting cylinder: Advanced by means of hydraulic



Function



Circuit symbol



Single-acting cylinder, plunger cylinder



energy. Retracted by an external force. Single-acting cylinder:



Single-acting telescopic cylinder



Advanced by means of hydraulic energy. Retracted by a return spring.



Table 18.11: Symbols for single-acting cylinders
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Double-acting cylinders have two ports for pressurising both cylinder chambers with hydraulic fluid. Function



Circuit symbol



Double-acting cylinder



Function



Circuit symbol



Double-acting cylinder Cylinder with through piston rod (constant low speed cylinder).



Double-acting cylinder



Double-acting telescopic cylinder



Adjustable end-position cushioning for forward and return stroke.



Table 18.12: Symbols for double-acting cylinders



18.1.9 Circuit symbols for other components Function



Circuit symbol



Function



Circuit symbol



Hydraulic energy source



Flexible line



Electric motor



Tank



Line connection



Deaeration, continuous



Crossing lines



Quick connection coupling, connected, with mechanically opening non-return valves



Table 18.13: Symbols for other components
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18.1.10 Measuring devices



Measuring devices are depicted in the circuit diagrams with the following symbols. Function



Circuit symbol



Function



Pressure gauge



Flow meter



Thermometer



Liquid fill-level indicator (sight glass)



Circuit symbol



Table 18.14: Symbols for other components



18.2 Circuit symbols for electrical components



These components are represented in the schematic diagram by circuit symbols which are standardised in accordance with EN 60617. Circuit symbols for representing electrical components that are frequently used in electro-hydraulic controllers are summarised in the following tables.



18.2.1 Circuit symbols for basic functions Function



Circuit symbol



Function



Direct voltage, direct current



Permanent magnet



Alternating voltage, alternating current



Resistor, general



Rectifier (power supply unit)



Coil (inductance)



Earthing, general



Capacitor



Circuit symbol



Signal lamp



Table 18.15: Electrical circuit symbols – basic functions
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Circuit symbol for basic function



Circuit symbol for function with automatic release



Circuit symbol for function without automatic release



NO contact



NC contact



Changeover contact



Table 18.16: Circuit symbols for logic elements – basic functions



Function



Circuit symbol for delayed actuation



Circuit symbol for delayed release



Circuit symbol for delayed actuation and delayed release



NO contact



NC contact



Table 18.17: Circuit symbols for logic elements – delayed actuation



Function



Circuit symbol for pushbutton



Circuit symbol for control switch



NO contact, manually operated



NO contact, manually operated by pressing



Table 18.18: Circuit symbols for manually operated logic elements
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Function



Circuit symbol for pushbutton



Circuit symbol for control switch



NC contact, manually operated by pulling



NO contact, manually operated by turning



Table 18.19: Circuit symbols for manually operated logic elements (continued)



18.2.2 Circuit symbols for electromechanical drives Function



Circuit symbol



Function



Electromechanical drive, general



Electromechanical drive with switch-off delay



Electromechanical drive with two



Electromechanical drive for an AC relay



windings working in the same direction Electromechanical drive with two



Electromechanical drive for a



windings working in opposite directions



remanence relay



Electromechanical drive with switch-on delay



Electromechanical drive for a directional control valve



Circuit symbol



Table 18.20: Circuit symbols for electromechanical drives
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18.2.3 Circuit symbols for relays and contactors Function



Circuit symbol



Function



Circuit symbol



*



Relay with three normally open



Remanence relay



contacts and one normally closed contact



If voltage is applied to the winding



*



*



terminal marked with *, the contact is specified at the points in the logic elements marked with *.



Relay with switch-off delay



Flasher relay



5/min



Relay with switch-on delay



Contactor with one normally closed contact and one normally open contact



Table 18.21: Circuit symbols for relays and contactors (coherent representation)



18.2.4 Circuit symbols for sensors Function



Circuit symbol



Proximity sensor, magnet actuated



1 (BN)



Function



Circuit symbol



1 (BN)



Proximity sensor, capacitive



4 (BK)



4 (BK)



3 (BU)



Proximity sensors, inductive



1 (BN)



3 (BU) 4



2



Pressure switch, electromechanical p



4 (BK)



1



3 (BU)



Proximity sensor, optical



1 (BN) 4 (BK) 3 (BU)



1 (BN)



Electronic pressure switch p



4 (BK) 3 (BU)



Table 18.22: Circuit symbols for sensors
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