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Abstract 
It has been estimated that around 10% of the total industrial electricity 

power consumption in the EU can be attributed to compressed air systems. 

pneumatic system’s efficiency usually is between 10% to 30%. An increase 

of 15 to 30 % in energy efficiency would correspond to $1.5 billion annual 

savings. PESU, Pneumatic Energy Saving Unit supplies repressurize actua-

tor’s exhaust air back in the pneumatic system. Three pneumatic systems 

were built and tested. Gathered data were analyzed. The effects of PESU on 

pneumatic systems were analyzed. Power consumption and cycle time 

comparison were done.  

PESU was found to decrease energy consumption between 37% to 39%, 

while actuators’ cycle time increased between 10% to 24%. PESU is then 

considered a valuable investment in industry only where its application 

does not slow production rates.  
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Abbreviations and Acronyms 
CA Compressed air 

PESU Pneumatic energy saving unit 

CAS Compressed air system 

FS Full scale value of a sensor 

90fit 90 ̊ pneumatic fitting 

3way,fit 3-way port pneumatic fitting 

Act1 Actuator 1 

DCV directional control valve 

 

Definitions 
experiment Same circuit tested with and without PESU 

test Different circuit with different actuators  
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Symbols 
�̇� Mass flow rate [kg/s] 

 

𝑚 Total amount of consumed CA [kg] 

𝑄 Volumetric flow rate [m3/s] 

𝐴 Piston area [m2] 

𝜌 Air density [kg/m3] 

𝑃 Air pressure [bar] 

𝑅 Air gas constant [J/(kg K)] 

𝑇 Air temperature [ ̊C] 

𝐹 Force [N] 

𝑥 Actuator’s position [m] 

�̇� Actuator’s velocity [m/s] 

�̈� Actuator’s acceleration [m/s2] 

𝑒 Error [-] 

𝐶 Sonic conductance [𝑑𝑚3/(𝑠 ∙ 𝑏𝑎𝑟)] 

𝐵 Critical pressure ratio [-] 

𝑃1 Upstream pressure [MPa] 

𝑃2 Downstream pressure [MPa] 

𝑃𝑐𝑟 Critical pressure [MPa] 

𝐹𝑣 Friction forces in actuator movement [N] 

𝐹𝑒𝑥𝑡 
External forces (gravity load, external 

load, …) applied on the actuator 
[N] 

𝐻(𝑠) Sensor’s delay Laplace transform [-] 

𝑈(𝑠) Physical signal Laplace transform [-] 

𝑌(𝑠) Sensor’s analog signal [-] 

𝑡 time [s] 

𝑊𝑖𝑛 Input power [W] 

𝐸𝑖𝑛 Total input energy [J] 

∆profit Difference between profit [€] 

U 
Initial investment regarding applying the 

unit 
[€] 

𝑖 Interest rate [-] 

𝑛 
Number of years to pay back the initial 

investment 
[-] 

T0 Temperature at standard condition [K] 

P0 Pressure at standard condition [Bar] 

𝜌0 Fluid density at standard condition [kg/m3] 
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Introduction 
 

Development in computational power in the last decades gave birth to ever 

increasing sophisticated microcontroller. This, along with the development 

of smaller, efficient, and more reliable sensors opened the doors to the de-

velopment of automation. Automation has been present in industrial pro-

duction for over forty years, but not all sectors or companies are affected by 

it. The development of automation in enterprises, where it is present, and 

the application of it in sectors, where it is not present, will most likely cause 

economic growth as well as better life conditions. 

 

With automation many problems arise, also. Neglecting social issues that 

arise from losses of job places. Automating industrial process, machines 

need to be powered. It is well known that industry mostly rely on CO2 emis-

sion power sources(1). Climate changes awareness, recent increase in costs 

of energy production and the need for companies to remain competitive on 

the market forces industry to find new methods to reduce energy consump-

tion. 

 

In automation machines are actuated by three kind of energy supply: elec-

trical actuators, hydraulic actuators, and pneumatic actuators. All of these 

have different pros and cons. In application where load is relatively low, and 

speed is required pneumatic actuators are preferred.  

Pneumatics uses pressurized air as a working fluid. With the respect to the 

other drivers, electricity and hydraulics, pneumatics is the cheapest and 

safest to use.  

In pneumatics if the system is leaking, risks would be lower than if a hy-

draulic system is leaking. Air is a harmless fluid, volatile and can be easily 

disposed to the atmosphere. Hydraulic fluids (mostly mineral oils) used in 

the industry are toxic, when leaking they contaminate the surrounding area. 

It is not easy to get rid of an cannot be disposed in the environment.   

With the respect to electrical drivers, pneumatics is usually cheaper. Substi-

tuting an electrical component, for instance a servomotor, can be very ex-

pensive.  

 

Then, if pneumatic components are so great, why they represent only a 

small fraction total actuators present in industry?  

The main reason is operational costs related to pneumatics. Compressed air 

system (C.A.S.) have low efficiency. Usually pneumatic system efficiency is 

between 10% to 30% (2). Typically in CASs costs related to energy consump-

tion represents the 75% of the total cost, while 12% is the initial investment 

and 13% is maintenance (2). 
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Nevertheless, pneumatic systems are widespread in industry. It has been 

estimated that around 10% of the total industrial electricity power con-

sumption in the EU can be attributed to compressed air systems (3).  

 

 
Figure 1: Power consumption per country (2). 
 

In the U.S.A. pneumatic equipment consumes roughly 530 PJ of energy an-

nually, which correlates to $10 billion worth of energy per year. An increase 

of 15 to 30 % in energy efficiency would correspond to $1.5 billion annual 

savings (4). 

 

Pneumatic systems have such low efficiency for several reason: leakages, 

unproper hosing, uncontrolled system parameters, and wrong compressor’s 

working conditions are the main ones (5).  

 

1.1 Main sources of power losses 
 

Most commonly lack of knowledge on CAS behavior is source of important 

power losses. As (5) states: “the actual state of the CAS within the Italian 

industry shows an average-low qualitative level either for dimensional, op-

erational and managerial functions”. Leakages are a major power loss in 

CASs. Abela (6) showed how leakages from a 1.5 mm diameter hole in a 6 

bars system could cause losses of a 755 € per year or the amount of energy 

produced by ten photovoltaic panels in a year. A study conducted in a Bul-

garian bottling factory (7) found more than a thousand meaningful leakages 

(higher than 5 L/min). Often leakages are the main reason behind the mis-
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conception that pneumatic system are inefficient by nature. A study con-

ducted by FESTO in 2013 (8) estimated that the surveyed CAS could save 

more than €7000 per year. Additionally, a greater usage of air, means 

greater compressor performance, shorting life cycles and increasing costs. 

 

Two very popular methods exist to evaluate leakages in CASs, both of which 

are non-destructive tests. One is using acoustic sensors. Leakages from 

small diameter holes generate sounds waves too high in frequency to be 

heard by human ear. Thanks to specific microphone, sound waves ranging 

from 20 kHz to 100 kHz can be detected. For flexible hoses ultrasound de-

tection should be used when emitted leak’s sound waves are lower than 74 

dB (because background noise interferes with readings) i.e., for leakage 

holes smaller than 1.3-2.0 mm. For steel pipes ultrasound detection cannot 

be used since leakages’ sound wave exceeds the 74 dB threshold.  

A more reliable method to evaluate leakages from bigger leaks is infrared 

thermography (IR). When air leaks from holes its temperature increases. 

Thermal vision cameras detect infrared waves generated by the heated leak-

ing air. IR is not suitable for small holes; temperature gradient is too small. 

IR is sensible to environment and extreme lighting conditions (9).  

 

It was also shown in different papers (5) that, a low amount of industrial 
CASs have monitored system variables. A monitored system can be con-
trolled, and air supply could be turn off when needed. If a system is not 
monitored, no control can be implemented.  

Misconception about pneumatics’ low efficiency is largely due to un un-
proper use of CASs. Leakages are very hard to avoid but a reduction in the 
number of leakages and preventive maintenance will reduce the costs of 

CASs. 

1.2 Application of pneumatics in industry 
 

Thanks to their characteristics, CASs are most suitable in applications with 

low load and where speed is required. Pick and place, which requires fast 

movement and does not usually involve moving heavy components, is one 

of the applications where pneumatics is commonly used.  

 

As an example, in automated production lines, products are usually either 

machined or assembled in different stations. When a semifinished product 

leaves a station, it must be move to the next station. To maximize produc-

tivity pick and place operation must be as fast as possible. Also, according to 

what product is being produced, moved products are not very heavy.  

 

In pneumatics different type of actuators exists single acting piston, double 

acting piston, rotary actuators, rod-less actuators…. they all have different 
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characteristics and purpose. The most common pneumatic actuators used 

in pick and place operations are grippers, which are a family of actuators, 

which can gasp onto products. These actuators are easy to use, effective and 

reliable.   

 

1.3 Other research paper done on this topic 
 

Many authors have proposed other methods to increase pneumatic efficien-

cy. 

In 2013 Blagojevic (10) analyzed the effect of recirculating exhaust air via a 

servo valve. Along with the experiment, a control algorithm was developed 

to reduce air consumption by actuating the recirculating exhaust servo 

valve. Results achieved a reduction of 29.5% air consumption. More recent-

ly Blagojevic (11) suggested a servo mechanism which is able to clamp the 

piston at the movement end in order to minimize supply pressure level, 

thus reducing the amount of supplied air. Unfortunately, this setup proven 

to be a valuable investment only for small actuators 

Another of the effect of recirculating exhaust air in pneumatic actuators was 

conducted in the work by Cummins (12) in which exhaust air was stored in a 

pneumatic strain accumulator. Results showed an efficiency increase be-

tween 32% to 78%.  

 

1.4 Introduction to this thesis topic 
 

In traditional applications, pneumatic exhaust air from actuators is released 

into the atmosphere. Exhaust air has higher pressure than the one of the 

atmosphere. This results in a waste of power.  

 

A patent from 2017 (13) focused on recirculating exhaust air via a pneumat-

ic energy efficiency unit (PESU) to the actuator supply.  

 

PESU is a mechanical unit. It does not need any power input or servocon-

trol. The unit is supplied with two flow rates, one coming from the supply 

and one from the actuator’s exhaust air. Two outlets are present, one directs 

air flow to the actuators, the other releases air flow to the environment. 

The unit contains several pneumatic components. Air is recirculated 

through a pneumatic booster. A series of poppet valves are used to avoid 

backflow. The working principle of PESU is addressed in chapter 2.  

 

The unit has already proven to be effective. Tests done by the Finnish com-

pany owning the patent, bf+ energia and during Aalto university’s mecha-

tronics project course MEC–E5002 showed a reduction in compressed air 

(C.A.) consumptions.  
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In this thesis the effects related to the application of P.E.S.U. were studied. 

Experiments were undertaken with a different approach than the one done 

in MEC–E5002. 

 

To test the system, the one system developed in MEC–E5002 was used. At 

first, improvement to its design were done. Then a test procedure was de-

cided, and a control algorithm was implemented. Results were then ana-

lyzed.  

The main goal of the experiments was to evaluate if the application of PESU 

in an industrial CAS is a valuable investment. PESU energy reduction and 

actuators’ cycle time increase were estimated. Then an economic analysis 

was done.  
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2 Introduction to PESU 
 

In Figure 2 the schematics of PESU is shown according to patent 

US9765786. 

 
Figure 2: PESU schematics. 
 

The patent shows four different set ups, the provided model is depicted in 

figure 1 of (13).  

 

Air is supplied to unit 1 through pipeline 4 from an external main source 

(such one or more compressors). CA is conveyed through pipeline 3 to the 

application. The first receiving means 2 is arranged to receive and guide CA 

to pipeline 3. 

Reduced-pressure air that was utilized by the application is recovered in the 

unit by means of pipeline 5. Along pipeline 5 a second receiving unit 6 

(preferably comprising of a non-return valve) allows flow to enter the unit 1. 

Pipeline 11 is then supplied with reduced-pressure air. 

Recycling reduced-pressure air requires that application’s exhaust air’s 

pressure value is increased. This is solved by pressure intensifier 7 (or pres-

sure booster) connected to a check valve. By utilizing energy contained in 

the gas flow, air’s pressure is increased.  

Re-pressurized air, having higher pressure values than before, is now pre-

sent in pipeline 13 and is lead to a substitution means 8 (e.g., a shuttle 



9 

 

valve) placed between 3 and 4 (In its preferred embodiment, 8 is included 

in 2). When recirculated air from 13 reaches higher pressure values than 

pressure values from 4 (main supply), 8 allows flow to 3 while 2 cuts off 

flow from main supply.  

 

Pipeline 3 may also be provided with a pressure controller 9 to adjusts re-

pressurized air’s pressure to match pressure values from the main supply. 

By providing the unit 1 with a first tank 10, it is possible to store reduced-

pressure air for the treatment. The pressure-increasing unit 7 may also be 

provided with a second storage tank 12, interconnecting 7 with 8, to store 

air until re-pressurized air has not reached higher pressure values than 

supply pressure. 

 
Figure 3: Pneumatic pressure booster schematics. 
 

The cited patent’s main component is the pressure booster 7. A pressure 

booster can be described as two double acting piston. There are many varia-

tions of pneumatic booster. Its working principle is  similar for every model 

and is here described as reported on SMC® pressure intensifier catalogue 

(14). “The IN air passes through the check valve to booster chambers A 

and B. Meanwhile, air is supplied to drive chamber B via the governor 

and the switching valve.” Now drive chamber B, booster chambers A 

and B contain the same pressure value (equal to IN), while drive cham-

ber A pressure value is equal to the one of the exhaust. Pressure difference 

between booster chamber A and drive chamber A moves the piston 

towards the left side “boosting the air in booster chamber B. As the pis-

ton travels, the boosted air is pushed via the check valve to the OUT side.” 

Once the piston reaches the end stroke, the piston, via mechanical contact, 

causes the switching valve to change its position. This way the switching 

valve is found in the opposite configuration. Now “drive chamber B is in 
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the exhaust state and drive chamber A is in the supply state respectively.” 

At the end of the stroke, pressure values in booster chamber A and B 

are equal to the one in IN. “Then, the piston reverses its movement, this 

time, the pressures from booster chamber B and drive chamber A 

boosts the air in booster chamber A and sends it to the OUT side. The 

process described above is repeated to continuously supply highly pressur-

ized air from the IN to the OUT side. The governor establishes the outlet 

pressure by handle operation and pressure adjustment in the drive chamber 

by feeding back the outlet pressure.”  

 

The provided PESU model contained a pneumatic booster from SMC®. The 

unit was pre-set, and no additional modifications were done on the booster 

or on the circuit.  

The only setting done by the user was to regulate component 9 (which han-

dler is the only component visible outside the unit). This setting was re-

quired by the user manual (15). Component 9 was set to its maximum pres-

sure level to analyze the effect of PESU when the unit had no restriction. 

Additionally, the provided PESU model lacked component 10 (reduced 

pressure tank). The only present tank was component 12 (re-pressurized 

pressure tank). 
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3 Development of the test system 
 

To test the effect of the PESU in a pneumatic system, a pneumatic circuit 

was developed in Aalto University. 

  

The development of test system was done in two different steps: 

• During mechatronics project course MEC–E5002 a simple system 

was developed. This was accomplished with the help of other three 

students (Kim Hirvonen, Anna-Kaisa Korhonen, and Oliver Olin)  

• Once the course ended, the thesis writer expanded the test system 

 

In total 4 systems were developed: 

− Test 0: system developed during course MEC–E5002 

− Test 1: improvement of system test 0 

− Test 2: developing of a small packaging system  

− Test 3: Test 1 with a smaller actuator 

 

3.1 Test 0‘s system 
 

During the course, a group of four students were tasked to design a pneu-

matic system to test the effects of the PESU unit on the system.  

The project included: the PESU unit, a Beckhoff PLC [C6920-0050], and 

pneumatic components present in the hydraulics lab. 

The team was tasked to tests a system that could resemble to a pneumatic 

system used in a manufacturing plant. 

 

3.1.1 Description of the first test system 
 

 
Figure 4: Schematics of the system with PESU. 
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Figure 5: Schematics of the system without P.E.S unit. 

 

The system had a very simple design: one supply, pressure tanks to store 

air, PESU, and a directional control valve to change the actuator direction.  

To be able to insert flow and pressure sensor air quality had to guaranteed. 

It was then required to insert filter to clear CA from oil and water content. 

There was also the need to ensure that some parts of the system could be 

isolated from the rest of the system. This explains the reason why so many 

components are present in the system. 

To detect the cylinder’s position, one Reed sensor is positioned to each end 

of the stroke. 

 

A brief description of the components is given in the next subchapters. 

 

3.1.2 Oil and moisture filters 
 

The system is supplied with air coming from the hydraulics lab’s com-

pressed air supply. Atmospheric air always has some level of moisture in it. 

The total amount of moisture in air is dependent on pressure and tempera-

ture. At higher temperature and pressures the total amount of vapor weight 

ratio contained in air is higher than at lower temperature and pressure val-

ues. When, in conditions of saturated air, if temperature decreases or pres-

sure increases, an amount of moisture condensates into water (16).  

When air is pressurized, it is drain from vapor contents. But a small amount 

of vapor is always present. 

In the case of a pneumatic system located inside a university laboratory, 

external temperature changes are negligible. The amount of moisture is de-

pendent on the changes of pressure values.  

When air undergoes transformation, according to state variables values and 

moisture content, some water may condensate. This could damage compo-

nents. 

Also, air vapor content releases ions which causes corrosion. 

Many components are sensible to corrosion. A dryer must be always present 

at the inlet of a pneumatic system. 
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It is common practice to insert oil droplets in a pneumatic system (17). This 

is done to lubricate moving parts. Oil, along with other contaminants, can 

damage measurement equipment or interfere with the readings. They must 

be filtered out when compressed air enters the system. 

 

In the system there were inserted four oil filtering units which also helps 

with removing dirt and one moisture removal unit. The moisture removal 

unit and an oil filter unit are located at the inlet of the system. It is done to 

avoid storing oil and moisture in the system.  

The other three oil filtering units are situated before every flow metering 

valve. 

 

3.1.3 Sensors  
 

In test 0 no position sensor was available. It was then chosen to use two 

reed switches to detect piston position. Reed sensors are magnetic switches, 

i.e., electrical circuits that, when a magnetic field is detected, close the cir-

cuit outputting signal. In this case the piston’s base contains a permanent 

magnet. The sensors can detect the piston’s base. If one sensor is positioned 

at the up-end stroke and one at the bottom-end stroke, the piston position 

can be detected. 

 

The other detected variables are pressure, temperature, and flow rate. Sen-

sor’s codes are reported in the table at page 16. 

 

3.1.4 Flow meter valve 
 

SMC® flow metering sensors need to be fed with the clearest air as possible 

(18). This is done not to damage the sensor. The working principle of it is 

very sensible to dirt.  

The sensor is composed of some small metal bars inserted in the flow. To 

measure the flow, the sensor heats itself up. When flow is crossing the sen-

sor bars, the temperature in the metal bars drops down by convection done 

by the flow rate. According to the cooling rate, the sensor calculates the flow 

rates. If the metal bars are covered with oil residuals or moisture, the sensor 

won’t cool properly.  

Even though fluid filtering induces pressure losses. Flow metering sensors 

are expensive and thus, air filtering is needed to get reliable results and to 

protect them.  

 

The sensor outputs the volumetric flow rate in [L/min] at standard condi-

tions. Standard condition corresponds to air at T0=20 ̊C = 293 K and P0=1 

Bar . 
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Additionally, the flow sensor outputs signal with a known delay. The sen-

sor’s catalogue reports that it takes one second for the sensor to report 90% 

of the FS value when the sensor is subjected to a step function from 0 to FS 

value. Knowing this the Laplace transformation values can get derived.  

The sensor’s output analog signal in Laplace domain 𝑌(𝑠) = 𝐻(𝑠) ∙ 𝑈(𝑠) 

Where 𝑈(𝑠) is the physical signal, while 𝐻(𝑠) is the sensor’s delay in Laplace 

domain.  

From catalogue the physical signal is equal to: 

 
 

𝑈(𝑠) = ℒ {𝐹𝑆 ∙ {
0, 𝑡 < 0
1, 𝑡 ≥ 0

 } (𝑠) =
𝐹𝑆

𝑠
 (1) 

 

While sensor’s delay Laplace domain is: 

 
 

𝐻(𝑠) =
1

𝜏𝑠 + 1
 (2) 

 

Then: 

 
 

𝑌(𝑠) = 𝐻(𝑠) ∙ 𝑈(𝑠) =
𝐹𝑆

𝑠(𝜏𝑠 + 1)
=

𝐹𝑆

𝜏

1

𝑠 (𝑠 +
1
𝜏)

 (3) 

 

By doing the inverse Laplace transformation: 

 
 

𝑦(𝑡) = 𝐹𝑆 (1 − 𝑒− 
𝑡
𝜏) (4) 

 

Evaluating 𝑦(𝑡) at 𝑡 = 1 𝑠: 

 
 

𝑦(𝑡 = 1[𝑠]) = 𝐹𝑆 (1 − 𝑒− 
1[𝑠]

𝜏 ) = 0.9 ∙ 𝐹𝑆  (5) 

 
(5) → 0,1 = 𝑒− 

1[𝑠]
𝜏 → 𝜏 = −

1

ln(0,1)
[𝑠] (6) 

 

By multiplying the physical signal with sensor’s (first order system) dynam-

ics, an estimate for the sensor’s analog output signal can be obtained. Sen-

sor dynamics is used when flow rate calculated from piston velocity and 

pressure values is compared with flow rate from flow sensors.   

 

3.1.5 Actuators 
 

Test 0 consisted of several tests. Tests differ from each other on the actuator 

that was used.  In Table 1 the actuators’ specifications are reported, and ac-

tuators are named. 
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Three set of tests were done:  

• Test 0.1: two actuators 1 positioned in parallel 

• Test 0.2: one actuator 1  

• Test 0.3: one actuator 2 

 

3.1.6 Other components  
 

The team had to understand how to test the system with the same amount 

of CA. To ensure enough CA, two 30 liters tanks were installed.  

 

To avoid back flow a check valve was installed at the inlet of the tanks. 

In tests it was chosen that the actuators should have similar velocities in 

both experiments (with and without the unit). The backpressure generated 

by PESU is higher than the pressure loss generated by the silencer of tradi-

tional systems.  

This resulted in actuators having a greater speed when the unit was not ap-

plied. To ensure that the actuators had similar speed, the out-flow of the 

cylinder had to be throttled when the unit was not applied to the CAS. Two 

throttling valves were applied to the system, one for each actuator inlet.  

 
Once an experiment was terminated, i.e., the pressure present in the system 

is too low to move the actuators, some residual pressure is still present in 

the system. If the system had to be tested with and without the unit, the 

unit had to be unplugged from the system. This meant that tubes were to be 

unjointed from their fittings. Since the unit was generating some backpres-

sure, residual pressure values were different according to if the system was 

tested with or without the unit. If the system had to be tested with the same 

amount of air, by imposing atmospheric pressure in the tube was the only 

way to ensure the same value of residual pressure for each test.  

To do so tubes had to be unplugged and CA to be exhausted in the environ-

ment. Once ambient pressure was reached in the tubes, they could be 

plugged back in. Apart it being a very tedious procedure, exhausting CA can 

choke the tube ending. The tube will act like a nozzle. When choked, a noz-

zle generates soundwaves which are unpleasant and painful for the human 

ear.  

By inserting exhaust valves with muffler in each section of the system, the 

team was able to exhaust leftover CA in safety. In total five exhaust valves 

were present in the system.  

 

In Table 1 a more detailed description of the components used is given. 
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Table 1: Components’ specifications. 

 

3.2 Test 1’s system 
 

Once the course was concluded, further tests were set to be implemented.  

 

First the system was modified as seen in Figure 6. Tubes were shortened to 

avoid dissipation.  Shut off valve (number 5) was removed and substituted 

with an exhaust valve (third valve starting from the system supply). Pres-

nomenclature Component Code/manufacturer Specs 

1A 
Shut-off valve with 

exhaust port 

EVHS3500-F02-X116  

1B VHS40-F04B 

1c VHS40-F04A 

2A 

Air filters 

AW40-F04E-B Oil filter 

2B AFD40-F04-A Vapor filter 

2C AW40K-F04-B Oil filter 

2D AFM40-F04D-A Oil filter 

2E AFM40-F04-A Oil filter 

3 Check valve AK2000  

4 Air tank PREMI Volume 30[l]   

5 Stop valve PN500  

6A Reed sensor D-A93  

6B Position sensor 0007446 SGH10  

7 5/3 directional con-
trol valve 

SY9320-5YZ-03F-Q   

8 Speed control valve AS3002F  

9 Silencer AN200  

P Pressure sensor PSE530-M5  

T Temperature sensor 20073657  

Q1 

Flow meter 

PF2MC7501-F04-D-M  5-500[l/min]  

Q2 PFMC7102-F04-E  10-1000[l/min] 

Q3 PFMC7501-F04-E 5-500[l/min] 

Actuator 1 
Double acting cyl-

inder 

CP96SDB80-700C Stroke 
700[mm] 
Bore 80[mm] 

Actuator 2 Double acting cyl-

inder 

ECDQ2A40-25DM Stroke 25[mm] 

Bore 40[mm] 

Actuator 3 Dual rod, Double 
acting cylinder 

CXSL32-100 Stroke 100[mm] 
Bore 32[mm] 

Actuator 4 Double acting 
cylinder 

MKA32-20LN Stroke 20[mm] 
Bore 32[mm] 

G Gripper MHM-25D  

90 Elbow union   

3w Union tee   
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sure sensors were all located after the flow rate sensors. An additional tem-

perature sensor was positioned on the exhaust air hose. Every temperature 

sensor was positioned as the closest component to the PESU over the cir-

cuit. As an actuator, it was used one actuator 1. 

 
Figure 6: modified system with PESU. 

 
Figure 7: modified system without PESU. 
 

3.3 Test 2’s system 
 

In test 2’s system the unit is thought to be applied in an industrial plant. To 

evaluate the effect of the unit, data must be collected. No data from industry 

were available and therefore to analyze the effect in an industrial plant, a 

basic packaging system was built. The system is shown in Figure 8 with 

PESU and in Figure 9  without PESU. 
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Figure 8: packaging system with PESU. 
 

 
Figure 9: packaging system without PESU. 
 

The system is designed to pick up a small metallic object from the ground 

and store it in a little box (magnetic grippers can only gasp on metallic ob-

jects). The box is located at the end of actuator 3 end. The design of the sys-
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tem was done with components present in the lab. For the metallic object to 

be stored under actuator 1, the box had to be positioned under actuator 1. 

When actuator 1 elongated, the box must not have been present under actu-

ator 1. Thus, the actuator stroke had to be longer than the box length. Being 

the smallest box in the lab 90 mm in length, double piston actuator 

CXSL32-100 (100 mm stroke) was chosen.  

 

3.3.1 Magnetic gripper  
 

The system was designed to activate the gripper when actuator 1 is in posi-

tion B, and to deactivate when actuator 1 is in position A. The area ratio in 

the gripper is different than in actuator 1. As recorded data in Figure 29 

shows, PB>PA in most of the cases. If pressure would be taken directly from 

the supply for actuator 1 chambers, the gripper would always be inactive. A 

throttle valve is restricting flow going to the deactivation side of the gripper. 

This way PG (pressure values present in the gripper’s chamber connected to 

actuator’1 B chamber) would be lower than PB when actuator 1 was retract-

ing. Thus, the gripper was in the active position when actuator 1 was re-

tracting. 

 

3.4 Test 3’s system 
 

This test was meant to analyze the effect of the unit at low flow rate values. 

An actuator with smaller rod diameter was then needed. Choosing from 

what was available in the lab, actuator 4 was chosen. 

The system is almost the same as the one in test 1, just actuator 1 was sub-

stituted with actuator 4.  

 

3.5 External power supply 
 

At first the team was intentioned to use a compressor present in the lab. 

Unfortunately, this compressor proven to be too noisy. It was then chosen 

to use the lab’s CAS, which offered safer applications. Measuring power 

consumption of such a source is complex because the compressor was used 

by other research teams, also. It was preferred to measure total energy con-

sumption though a method described in chapter 7.1 . 
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4 Tests system description 
 

Following the design described in above section, the tests’ system was built. 

The system can be seen in Figure 10. 

 

 
Figure 10: picture of the system. 
  

One system was built for all the type of tests and experiments. When the 

unit had to be disconnected from the system, connection leading to it were 

disconnected. The tube where flow was directed from the supply to the unit, 

was connected via a diameter adapter (the two tubes had different diame-

ters) to the tube where flow was directed from the unit to the valves. Flow 

was exhausted by flipping the shut of valve positioned on tube going from 

valves to the unit.  

 

When actuator 3 had to be connected, a 90-degree fitting was substituted 

with a three-port fitting. To connect actuator 4, tubes connected to actuator 

1 were disconnected and connected to actuator 4 instead. 

 

4.1 Terminal wiring 
 

All sensors were powered via Beckhoff’s terminals by using external power 

source. analogical signals were read by using Beckhoff’s input terminals and 

Actuator 4 

Actuator 1 

Actuator 3 

PLC 

PESU 

Power  

supplies 

terminals 
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forwarded to the PLC via an EtherCAT cable. In the PLC signals values were 

then translated to give them their real physical values. 

An almost continuous reading was given by the PLC, which read data with 

sampling frequency of 100 Hz. The sampling frequency was enough to fulfil 

the Nyquist frequency since no high frequency phenomena were present in 

the measured signals. In the PLC the inbuilt a programmable low pass filter 

was set to 50 kHz. Neither the less noise in the signal was present. 

 

4.2 Pneumatic system 
 

When building the system, attention was paid to minimizing dissipation 

and space usage. Tubes were selected with the highest diameters available 

in the laboratory. Flexible polyurethane tubes were used: 12x8 mm 

(TU1208), 6x4 mm (TU0604) and 10x6.5 mm tubes (TU1065). 90-degree 

fittings were avoided where possible. The tubes and their dimensions are 

presented in  Table 2. 

To modify the system from test 2 to test 1 or 3, three-way valves 3w4 and 

3w5 were substituted with 90-degree fittings 905 and 907. To disconnect the 

gripper, the three-way valves 3w2 and 3w3 were substituted by linear con-

nectors. 

Components had to be kept stationary and avoid oscillations. When possi-

ble, components, as filter and exhaust valves were either screwed onto the 

wood support behind or tied with cable ties. To have a clear and well-

organized workspace, sensors’ wires were kept as short as possible. 
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 Table 2: lengths of connections between components.1,2. 

 
components Length 

[cm] 

Tube  

diameter 

[mm] 

components Length 

[cm] 

Tube  

diameter 

[mm] 

2A-3 60 12 PB-1A,3 15 10 

3-41 50 12 1A,3-82 20 10 

41-42 90 12 82-3w3 5 10 

PT-1B,1 100 12 3w3-71 18 10 

1B,2-901 20 12 71-3w1 40 10 

901 -Q1 5 12 3w1-3w5 16 10 

Q1 -PE 20 12 3w5-2E 20 10 

PE-T1 20 12 2E-Q3 20 10 

T1-903 20 12 Q3-PF 5 10 

904 -T2 25 10 PF-T3 5 10 

T2-2D 20 10 T3-1A,4 10 10 

2D-Q2 12 12 1A,4-906 20 10 

Q2-PC 10 10 3w4-72 190 10 

PC-3w4 5 10 72-Act3 15 6 

3w1 -1A,1 13 10 Act3-72 180 6 

1A,1-71 5 10 72-3w6 40 10 

71-3w2 50 10 3w6-3w5 190 10 

3w3 -81 20 10 3w2-G 190 10 

81-1A,2 20 10 G-3w3 190 10 

1A,2-PA 25 10 PA -Act4 10 6 

PA -Act1 10 10 Act4-PB 20 6 

Act1-PB 25 10    

 

 
1 Reported connection’s length between components are including of fitting length’s 
2 If not reported, distance between two components is equal to zero. 
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5 Control algorithm  
 

As for the pneumatic, also the control algorithm was first developed during 

mechatronics course. Then it was modified and improved after the course.  

 

The control algorithm was developed on Beckhoff coding environment. De-

veloping the control algorithm can be divided in two phases: obtaining sen-

sors’ data to the PLC and developing the control code.  

 

Tests had to be done using an industrial C.A. pressure range. It was chosen 

to test the systems only when the pressure at the tank was between 4 to 6,5 

bars which is a pressure range compatible to the one normally used in in-

dustry. Before initiating the movement, pressure at the tank had to be high-

er than 6.5 bars. Once this statement was true, the movement algorithm 

could be initiated. If tank pressure fell under 4 bars, the movement algo-

rithm was terminated. Actuators would stop because no CA was supplied to 

them. The movement algorithm could be initialized again if the pressure at 

the tank would rise over 6 bars. When the movement algorithm was not ac-

tive, no power was given to the directional control valves. If no power was 

given, directional control valves were in the middle position, i.e., the lock 

position, thus not allowing the flow of air to the actuators. 

A safety switch was also implemented. If the pressure in the system would 

rise higher than what the components can withstand, the directional control 

valve would move to the lock position. 

 

The pressure range control and the safety switch were common to all con-

trol algorithm in the tests.  
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5.1 Test 0’s control algorithm  
 

The control algorithm for test 0 is present in Figure 11. 

 
Figure 11: Control algorithm scheme. 
 

At the beginning of the experiment, the actuator was always positioned in 

its cap end position. When the movement algorithm was initiated, the actu-

ator was always moved towards head end.  

According to the reed sensor’s signal, the piston’s position was detected. 

When the PLC detected signal from one of the reed sensors, the control al-

gorithm would actuate the directional control valve to make the piston 

reach the opposite position. 
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5.2 Test 1’s control algorithm  
 

Regarding the control algorithm, no major changes were applied with the 

respect to test 0. The only difference consisted of how way the piston posi-

tion was detected.  

 

5.2.1 Position sensors 
 

Previously the piston end positions were detected via reed sensors. In the 

upgraded version of the system a position sensor is used. The position sen-

sor, a draw-wire encoder (which was previously not available) was attached 

to the rod’s end and it read the relative piston position. The zero position 

was set to one end of the rod, while the full length of the stroke was set to 

the other end of the piston. When the sensor read a value corresponding to 

zero or to the stroke length, then it could be assumed that the piston was in 

one of the two end positions. Thus, the position sensor was working like a 

reed sensor (reed switch). The wire sensor’s setup is presented in Figure 12. 

 

 
Figure 12: position sensor setup. 

 

The complete elongation of the piston was only reachable few seconds after 
the rod had reached the value of 690 mm (the total stroke length is 700 
mm). In fact, to avoid collision between the piston and the cylinder internal 
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ends, close to the end position the cylinder activates end of stroke cushion-
ing.  
To account for that, the zero position was considered when the position 

sensor reached a value of 4 mm while the top position was set to the value 

of 690 mm. 

 

A major advantage of setting the end of stoke before the actual zero position 

was reached was the gain in system dynamics. The algorithm was designed 

as such that when a certain condition was reached (a specific value was 

reached in the case of the position sensor or an analog signal in the case of 

reed sensors) the directional control valve was actuated in the opposite di-

rection. Actuating the valve and waiting for the CA to reverse its flowing 

direction generated a small delay (which was not evaluated). If the zero po-

sition was set before the actual zero position was reached, then, for a small 

amount of time, the rod would still be actuated in its previous direction. 

This can be seen in the recorded data, where the position sensor reaches 

values in the decimal close to zero. The end stroke values were obtained by 

experimental analysis.   

 

 
Figure 13: position plot. 
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In Figure 13 position readings are shown. After either the upper or lower 

end stroke position has been reached, the piston is still moving. In the up-

per position it does not reach the end stroke position (700 mm) reading. On 

the other hand, the end stroke position is reached in the lower position (the 

0 mm reading). The position reading in the low position gives a minimum 

of -4 mm reading, which is caused by an error when setting the zero point, 

while the upper position gives a maximum reading of 696 mm. 

In general, there seems to be a greater delay when moving towards the low-

er position than the opposite. Moving towards the upper position requires 

higher flow rate value than moving towards the lower position. Chamber A 

has a greater volume than chamber B. An explanation to this delay could be 

that, to achieve greater flow rate, more time must pass for the fluid to 

properly pressurize the volume in chamber A, and to compensate the pres-

sure in chamber B. 

Also, the piston seems to slow down faster when moving towards the lower 

position. This speed decrease is also present in the other direction, but it 

begins closer to the upper end stroke. This is caused by the pressure cush-

ion, which, hinders flow rates while in the latest stages of exhaustion.  

 

It must be mentioned that the zero and full-length position could also be 

achieved when the piston had not reached its respective end. As said, the 

position sensor’s wire was attached, via a small screw, to the piston end via 

a small support. The piston had a circular base area, and, when piston was 

actuated, the rod could rotate on its central axis, generating an unwanted 

and dangerous behavior. If the rod was rotating, the support of the position 

sensor’s wire, which sticks out of 9 mm from the piston’s center, would ro-

tate as well. When rotating it could collide with other parts of the system. 

Secondly, if the wire support would rotate but the position sensor would not 

move, the wire would no more be in a straight line. The wire would be bend-

ing. There wouldn’t be any more linear relation between the drawn wire 

length and the piston’s position. This would mean that the drawn wire’s 

length would be more with the respect to expected amount of drawn wire of 

the same position. Readings would not be reliable.  

In every experiment the tester made sure that the rod wouldn’t turn. 
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5.3 Test 2’s control algorithm  
 

Controlling this system required a more complex algorithm.  

Actuator 1 and actuator 3 are controlled to avoid collision between each 

other. The control algorithm is presented in Figure 14. 

  

 
Figure 14: control scheme test 2. 
 

When the pressure sensor at the tank reads a value higher than 6.5 bars, the 

movement of the system is initiated. Before initiating the movement algo-

rithm, Actuator 1 is moved to the position A while actuator 3 is moved to 

position C. As such the starting position of every actuator is always known 

and collision between the two actuators is avoided.  

 

Once actuator 1 reaches position A, the gripping action takes place. In theo-

ry every actuator would need a controllable driver. That would have re-

quired an additional output terminal, which was not available. The gripper 

activation\deactivation is controlled as described in chapter 3.3.1. 

 

The control system does not check if the gripper has been activated. Once 

position A has reached, a signal is given to the directional control valve 

moving actuator 1 towards position B. No delay is inserted by software. The 

delay present in the system is enough for the gripper to grasp the product 

needed to move.  
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5.3.1 Test 2 movement description 
 

The system phases are shown in Figure 15, Figure 16, Figure 17 and Figure 

18. First, in phase 0, actuator 1 is moved from position A to position B. In 

phase one actuator 1 reached position B (Figure 15), i.e., the extended posi-

tion. The gripper was activated, and the metallic object was attached to the 

gripper.  

In phase two actuator 1 reaches position A (Figure 15) i.e., the full retract 

position. Thanks to the delay generated by the throttle valve, the gripper is 

still active. 

In phase 3 actuator 3 moves to position D (Figure 17) under actuator 1 to 

collect the metallic object. The gripper deactivates and the metallic object 

falls in the box.  

Finally in phase 4 Actuator 3 retracts towards position C. Once position C is 

reached, the cycle is considered concluded. Actuators are in conditions of 

phase 0. The cycle can be initialized again. 

 

5.4 Test 3’s control algorithm 
 

Dealing with one piston only, no changes were made to the control algo-

rithm. The only difference is that end stroke positions were detected via two 

reed sensors instead than setting the end strokes to specific reading from 

one position sensor. The control algorithm is identical to the one of Test 0.  
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Figure 15: Phase one. 

 
Figure 16: Phase two. 

 
Figure 17: Phase three. 

  

 
Figure 18: Phase four. 
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6 Tests 
 

All gathered data were collected though the PLC.  

Once the experiments conditions were set up, i.e., the system was connected 

according to the intended experiment, the system was pressurized. Beck-

hoff’s PLC allows to record data for a maximum of 10 minutes. This gave the 

possibility to record data before and after the experiments took place.  

 

In Beckhoff’s PLC recording data is done by selecting variables to display on 

TWINcat 3 scope extension. The user sets recorded variables. When a vari-

able is recorded, the software displays it on the scope interface.  

While the software is running, reading values, and giving commands to 

outputs terminals, the software can display data with no noticeable delay.  

 

Once the experiment is terminated or high enough data values have been 

gathered, the acquisition can be terminated without having the control al-

gorithm to log out from the PLC. This way the PLC is still controlling the 

system without interfering with the data recordings.  

 

Once data have been acquired, they are saved in a svdx file (scope data file).  

Now data are saved and ready to be analyzed. In this thesis it was chosen to 

post process data though MATLAB which is not able to read .svdx files. The 

data must first be exported in .csv (comma separated value) file. This can be 

done by the dedicated export window on TWINcat. 

 

When exporting from .svdx to .csv and when processing data on MATLAB, a 

time range can be chosen. Test 0 had a specific test procedure, while tests 

1,2, and 3 followed the same procedure. 

 

6.1 Test 0 test procedure 
 

In test 0, the team tested the effect of PESU in the system with the same 

amount of CA. The same system was tested with and without PESU. To do 

so the system was first filled up with CA at 7 bars, then the system was test-

ed. 

To ensure that the same amount of CA was stored in the systems, it was 

chosen to undertake the following procedure: 

1. Stop valve (5) was closed, the tank side of the system was then isolat-

ed from the rest of the system. 

2. Shut-off valve (1) was opened. 

3. When tank pressure sensor was reading 7 bars, shut-off valve (1) was 

closed.  
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Now the system contained the desired amount of CA. Recording of parame-

ters was initiated and stop valve (5) was opened. 

 

6.2 Test 1, 2 & 3 recording procedure 
 

The amount of time taken by the systems to complete one cycle in all tests 

was always less than 10 seconds. It was then decided to record data for 3 

minutes. This would have meant that the system would have done enough 

cycles to evaluate overall performance. 

 

But data were not analyzed on the whole sampled time span. To have relia-

ble readings, quantities as pressure and temperature had to reach stable 

values. It was then chosen to start analyzing data after 50 seconds of the 

recording’s beginning. Data were sampled up to the first time the actuator 

reached one of its end stroke positions and 2:50 minutes passed from the 

beginning of the recording. So, the sampled time span went from 50 sec-

onds to 170 seconds plus the time taken for the actuator to reach its final 

position.  

Recording was initiated right after the system finished its first cycle. 

 

Cycles took always less than 10 seconds. Showing measurements for the 

whole-time span would have meant to analyzed so much data that it would 

have been hard to interpret. Variables are then showed on a selected time 

range which varies upon the graph. All graphs report data starting 50 sec-

onds the recording’s beginning. 

 

6.3 Checking mass flow rates 
 

The validity of recorded data was done by matching mass flow rates. Mass 

flow rates values calculated from the flow metering sensors were matched 

with flow rate value calculated from piston velocity. This way it can be check  

if recorded piston velocity’s values and pressure value at the actuator are 

consistent with measured volumetric flow reading from flow sensors. 

As it will be explained in subparagraph 8.5, when PESU is utilized, pressure 

PC experiences some sudden increase, thus not providing quasi-steady state 

values. To best verify the validity of measured data, it was chosen to use da-

ta gathered without PESU. This is valid also for subparagraph 6.4, where 

data have been validated using the measurements without the use of PESU. 

 

It is known that mass flow rates of any fluid can be calculated by:  

 
 �̇� = �̇� ∙ 𝐴 ∙ 𝜌 (7) 
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In CA air is used working fluid. Air is a compressible fluid, meaning that 

density is not constant, but is dependent on temperature and pressure. If 

air is considered an ideal gas, then: 

 
 

𝜌 =
𝑃

𝑅 ∙ 𝑇
 (8) 

 

Then, mass flow rate can be written as: 

 
 

 �̇� = 𝑄 ∙
𝑃

𝑅 ∙ 𝑇
= �̇� ∙ 𝐴 ∙

𝑃

𝑅 ∙ 𝑇
 (9) 

 

Air gas constant R=287 [J/(kg*K)]. With this data the mass flow rate can be 

calculated. In the case of �̇�2 being the mass flow rate supplied to the actua-

tor and �̇�3 being the mass flow rate exhausted by the actuator: 

 𝑚2̇ = 𝑄2 ∙
𝑃0

𝑅 ∙ 𝑇0
 (10) 𝑚3̇ = 𝑄3 ∙

𝑃0

𝑅 ∙ 𝑇0
 (11) 

The mass flow rates can be matched with the mass flow rate values calculat-

ed by using the piston velocity.  

Only test 1 is suitable for this match. Both Test 2 and test 3 have actuators 

controlled via position switches. Position switches are not suitable since 

they won’t give reliable information about piston’s velocity. A rough estima-

tion of the velocity can be given by dividing the stroke by the time taken. 

Unluckily piston’s velocity is not constant over the stroke. This would lead 

to some information’s losses in actuator 3 and 4 velocity values. In test 1 

position is controlled by the position sensor.  

Velocity is obtained by numerically deriving the position sensor readings. It 

was done using an open-source first-order finite-difference method 

MATLAB code (19). No velocity sensor was available. 

From theory it is known that if the piston velocity is multiplied by the pis-

ton’s area, the flow rate can be calculated.  

The mass flow rate can be estimated by multiplying the piston velocity by 

the corresponding piston area. This (quasi-steady) calculation does not in-

clude the flow rate components related to the changes in cylinder pressures. 

When the piston is moving toward position B, the inlet flow can be calculat-

ed by multiplying the absolute velocity value by 𝐴𝐴. The outflow can be in-

stead calculated by multiplying the absolute velocity value with 𝐴𝐵. When 

the piston is moving toward position A, the input flow is calculated via 𝐴𝐵 

and the output flow is calculated via 𝐴𝐴. 

To calculate the mass flow rates, flow rates are multiplied by the relative 

pressure and temperature values. Pressure values (PA relative to AA and PB 

relative to AB.) are not available in the chambers. Pressure values are sam-

pled immediately outside the actuators using a 3-way port pneumatic fit-

ting. Sensor reports pressure values in gauge pressure. To calculate mass 



34 

 

flow rates, P0 must be added to sensors’ pressure values. Temperature val-

ues at the actuators are not sampled. It is assumed as T*= 25 ̊C. Tempera-

ture does not change dramatically over time (chapter 8.7). Temperature 

values are always assumed to be equal to temperature values at standard 

conditions. 

 

Thus, if �̇� > 0: 

 
 

 �̇�3,𝑐𝑎𝑙 = 𝑄3 ∙ 𝜌 = �̇� ∙ 𝐴𝐴 ∙
(𝑃𝐴 + 𝑃0)

𝑅𝑇∗
 (12) 

 
 �̇�2,𝑐𝑎𝑙 = 𝑄2 ∙ 𝜌 = �̇� ∙ 𝐴𝐵 ∙

(𝑃𝐵 + 𝑃0)

𝑅𝑇∗
 (13) 

 

If �̇� < 0: 

 
 

 �̇�3,𝑐𝑎𝑙 = 𝑄3 ∙ 𝜌 = −�̇� ∙ 𝐴𝐵 ∙
(𝑃𝐵 + 𝑃0)

𝑅𝑇∗
 (14) 

 
 �̇�2,𝑐𝑎𝑙 = 𝑄2 ∙ 𝜌 = −�̇� ∙ 𝐴𝐴 ∙

(𝑃𝐴 + 𝑃0)

𝑅𝑇∗
 (15) 

 

The flow sensors have an error of ±3% over FS. In the case of 𝑚2̇  the maxi-

mum reading is 1000 [L/min], while for 𝑚3̇  is 500 [L/min]. The mass flow 

rates calculated via piston’s velocity should be in the range of the error of 

the flow rates sensors. The maximum allowed error depends on the flow 

meter. Is calculated as: 

 

 𝑒𝑚𝑎𝑥,𝑚2
= 1000 ∙ 10−3 ∙

𝑃0

𝑅 ∙ 𝑇∗
 (16) 𝑒𝑚𝑎𝑥,𝑚3

= 500 ∙ 10−3 ∙
𝑃0

𝑅 ∙ 𝑇∗
 (17) 

 

Given that the error on m2 is double with the respect to the one of m3, it was 

chosen to show results only for m3. This way results could be analyzed in 

the safest conditions. Results regarding m2 are reported in the appendix in 

Figure 42 and Figure 43. 
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Figure 19: comparing mass flow rate 3 from sensor readings to the calcu-
lated from piston’s velocity when the unit is applied. 
 

In Figure 19 the two mass flow rates are compared. The calculated flow rate 

is almost never in the range of the error. The two curves show similar mag-

nitude. This is because the two mass flow rates are not comparable. There is 

a delay between the flow rates measured by the sensors and the calculated 

one.  

 

To properly compare the two mass flow rates the flow metering valve’s de-

lay had to be taken in consideration. Calculated mass flow rates are first 

divided by 𝜌0 (from equation (8) 𝜌0=P0/(R*T0) ) to obtain volumetric flow 

rate at standard condition (the output of flow sensor). The calculated volu-

metric flow rate is then multiplied by the flow sensor’s delay. The obtained 

signal is then multiplied by 𝜌0 . These mass flow rates are then used to eval-

uate the total amount of air. 
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Figure 20: values reported in Figure 19 with sensor dynamics.  
 

In Figure 20 calculated and measured mass flow rate are compared taking 

in consideration sensor’s delay. The two mass flow rates are consistent with 

each other (red line is included in between the sensor’s error) only when 

velocity and pressure values in the actuators are in quasi-steady state. In 

the cycle’s beginning and end the calculated flow rate is not found in be-

tween the error range. This is most likely due to effect of air compression 

which were ignored. 

 

Figure 20 demonstrates that flow rates are consistent only in some time 

instants. This is expected since pressure transient are difficult to represent 

with the used system design. 

 

To farther evaluated if the overall measured flow rate is consistent it was 

chosen to compare the total amount of used CA and see if it falls in the 

range of the error. 

Mass flow rates were integrated over time. Integration of mass flow rates 

was done in MATLAB via the inbuilt trapezoidal method function. When 

comparing the difference between the readings of two sensor, the maximum 

allowed error is taken as the major of the two.  

 

Table 3: error in total mass calculations. 
 
 |𝒎𝟐 − 𝒎𝟑| =[kg] |𝒎𝟐 − 𝒎𝟐,𝒄𝒂𝒍|=[kg] |𝒎𝟑 − 𝒎𝟑,𝒄𝒂𝒍|=[kg] 

With PESU 0.015 0.087 0.037 

Without PESU 0.010 0.123 0.065 

𝒆𝒎𝒂𝒙=[kg] 0.073 0.145 0.072 
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As it can be seen from Table 3, all the error values are lower than the maxi-

mum error. Mass flow rate values are considered consistent. 

 

6.4 Checking pressure drops 
 

In chapter 6.3 the validity of volumetric flow rates values was checked. In 

this chapter the validity of pressure drops is checked. 

From theory it is known that mass flow rates values though an orifice can be 

calculated. It can only be done if fluid state variables and geometrical pa-

rameters are known (pressure values at the orifice’s inlet and at the outlet, 

temperature at the inlet, geometry parameters and critical pressure ratio).  

 

SMC at page 29 of (20) using ISO 6358: 1989 (21) gives a simple method to 

evaluate the flow rate at standard condition though a pneumatic compo-

nent.  

Given: 

 

 𝑃𝑟𝑎𝑡𝑖𝑜 =
𝑃2 + 𝑃0

𝑃1 + 𝑃0
 (18) 𝐵 =

𝑃𝑐𝑟 + 𝑃0

𝑃1 + 𝑃0
 (19) 

 

Sonic conductance C and fluid temperature T, it is known that: 

If  𝐵 < 𝑃𝑟𝑎𝑡𝑖𝑜 
 

𝑄 = 600 ∙ 𝐶 ∙ (𝑃1 + 0,1)√
293

273 + 𝑇
=[L/min] (20) 

If 𝐵 ≥ 𝑃𝑟𝑎𝑡𝑖𝑜 
 

𝑄 = 600 ∙ 𝐶 ∙ (𝑃1 + 0,1)√1 − (
𝑃𝑟𝑎𝑡𝑖𝑜 − 𝐵

1 − 𝐵
)

2

√
293

273 + 𝑇
=[L/min] (21) 

  

To evaluate if pressure drops were consistent with flow rates values, just 

results from test 1 were analyzed. 

In test 1 six pressure sensors were present. Flow rates’ parameters (B and C) 

could only be evaluated where the mass flow rate in between two pressure 

drops was not affect by leakages or moving parts. 

PESU is recirculating air though a pneumatic booster, a component with 

moving pistons producing alternating volumetric flow rate. Volumetric flow 

rate to valve (Q1) is not linearly dependent on the value of inlet pressure. 

Pressure drops in between PESU cannot be used to evaluate the flow rates 

in between the unit. No direct flow crosses the actuator. Flow parameters 

between PT and PE could not be evaluated. Component 2C contains a pres-

sure regulator. According to the inlet pressure values and to the set maxi-

mum pressure values, a pressure regulator modifies its geometry to reduce 
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the pressure of the flow leaving the unit. Thus, a pressure regulator changes 

geometry and flow parameter according to the fluid status. To evaluate flow 

parameters geometry should remain constant. Flow rate between PT and PE 

cannot be compared with the measured flow rates. 

Only two pressure drops were available for comparison with measured flow 

rates: PE-PA/B and PA/B-PF. 

 

SMC®, the producer of every component used in the system, offers an 

online tool (22) to evaluate the overall flow parameters of a series of 

SMC®’s components. To evaluate the overall flow parameters, first the flow 

parameters of each component had to be evaluated. Many component pre-

sent in the system had their flow parameters evaluated in their catalogue.  

Among the components present in between the analyzable pressure drop 

(PE-PA/B and PA/B-PF), component 1A and 2E did not have their flow parame-

ters present in their catalogue. One way to evaluate the flow parameter of 

this component is to use the procedure described in ISO 6358: 1989.  

Figure 21 presents the test setup to determine pneumatic components' flow 

parameter.  

 

 
Figure 21: test circuit to determine a pneumatic components' flow parame-
ter. 
 

This method was attempted by substituting “equipment for test” with either 

component 1A and 2E, but flow rates values were too high for the sensor to 

read (the sensor with the maximum range was of 1000 [L/min]).  

Another approach was then used. Instead that evaluating the component’s 

parameters singularly, the component’s parameters were evaluated in series 

with other components.  

Similar components to 1A have flow parameters were present in the cata-

logue, while no component similar to 2E with flow parameters already esti-

mated were available. For sake of simplicity pressure drops between PA/B-PF 

where not analyzed.  

In practice the circuit from the output of Q2 to the inlet of actuator 1 (in the 

case where flow is going to chamber A) was taken as a test bench. Tests 
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were done using the procedure described in ISO 6358: 1989. Once flow pa-

rameters were evaluated, they were confronted with the one evaluated on 

SMC®’s online tool. The online tool can evaluate flow parameters when 

components are placed in series. Components 1A (EVHS3500-F02-X116) 

are dismissed, meaning that a similar component is now being produced. 

On the online tool all the components were placed in series, while compo-

nent 1A was substituted by a more recent one from the VHS[]510 series. 

Once values of C and B were evaluated for both cases, then results were 

matched.  

 

Table 4: difference in flow parameters calculation. 
 
Q2 flow rate directed to chamber A of actuator 1 𝑩 𝑪 

Result obtained using the standard 0,15 1,81 

Result obtained though SMC®’s online tool using VHS2510-

[]02[]-[]-[]-[] 

0,13 1,510 

Result obtained though SMC®’s online tool using VHS3510-

[]02[]-[]-[]-[] 

0.12 1,716 

 

Table 4 shows the valve parameters identified for valve 1A. Results obtained 

with VHS3510-[]02[]-[]-[]-[] are more consistent with the one measured. 

Parameters from VHS3510-[]02[]-[]-[]-[] were considered the same as for 

EVHS3500-F02-X116. 

Now all parameters in the system are known. Flow parameters can be eval-

uated for every part of the system experiencing a pressure drop. Calculation 

was then repeated for circuits.  

Table 5 shows the flow parameter values for supplying chambers A and B. 

 

Table 5: flow parameters values. 
 
 Supply A Supply B 

C 1,716 1,729 

B 0,12 0,12 

 
Knowing pressure values and flow parameters, Q2 can be calculated and 

compared with the measured flow rates values. Figure 22 introduces the 

measured, calculated flow rate values and variables related to piston mo-

tion. 
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Figure 22: Q2 calculations without PESU. 
 

Plots Figure 22 shows the comparison between calculated flow rate and the 

measured one. For the pressure drops to be said consistent with volumetric 

flow rates values, calculated volumetric flow rates’ plot must be found in the 

acceptable error range (between the upper and lower measuring error).  

 

Calculated volumetric flow rates are somewhat consistent in Figure 22. 

Volumetric flow rate has the same behavior as the measured one.  

Calculated volumetric flow rate is not found in the error range for most of 

the duration of the stroke. This is valid for both strokes. It is then evident 

that flow parameters are not accurately representing flow rate values in the 

system. 

 

It is important to note that flow rate never reaches the choking value. This 

means that the decrease of flow rate with PESU is not due by geometrical 

restrictions.  

 

Calculated volumetric flow rate is not consistent at stroke’s beginning. In 

this part of the graph, called transient, calculated flow does not show the 

same behavior as the flow rate values from the sensor. Instead of decreas-

ing, the flow rate increases. 

This behavior occurs when the position sensor reaches the end stroke read-

ing. When such a position is reached, a signal is sent to the DCV to move the 

piston in the opposite direction. DCV actuates and the flow direction is re-

versed. The model used to calculate the flow rates does not consider the be-

havior caused by the changing in flow direction. 
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Reasons for different transient behavior can be multiple. Two aspect must 

be analyzed. Factor dependent on sensors or actuators specifics (like delay 

of the valve or in sensor dynamics). 

First factor dependent on sensors and actuators are analyzed.  

 

To start the flow sensor dynamics are considered. Flow rate sensor dynam-

ics are known (described in chapter 3.1.4). To consider sensor dynamics the 

calculated flow rate is multiplied by the Laplace transform calculated in in 

chapter 3.1.4. Figure 23 shows results of Figure 22 taking in consideration 

sensor dynamics. 

 

 
Figure 23: calculate flow rate taking in consideration volumetric flow rate 

sensor delay. 
 

Volumetric flow rates and transient are more consistent with the measure 

volumetric flow rates. Still transients are not consistent. Factor dependent 

on sensors and actuators are then analyzed. 

 

Let’s now take in consideration factors dependent on actuators specific. 

When the flow rate is changing direction, the fluid undergoes two steps. For 

sake of an easy explanation, the first half cycle showed in Figure 26 (cham-

ber B supply and chamber A exhaust) is taken as an example. 

Firstly, when the solenoid is activated, the actuator does not reach zero ve-

locity conditions. Chamber B is being supplied and chamber A acts as the 

exhaust. When signal is given, chamber A is supposed to act as the supplied 

side, while chamber B is supposed to act like the exhaust side. The piston’s 

velocity should reach zero value and then positive value. Instead, for a brief 

time range negative velocity are recorded. This happens because of DCV’s 
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delay. DCV’s delay allows flow being supplied to chamber B even after sig-

nal is given to the valve.  

Secondly, when the actuator is close to the cylinder’s end, piston’s cushions 

are activated (their working principle is explained in chapter 0). This 

changes the maximum air flux to the actuator. 

 

To account DCV’s delay, it was added a small delay to the model. Before the 

model changes values of P2, a delay of 70 ms (the valve delay is 64 ms but 

the sampling period is 10 ms) was added. This way, even though signal is 

given and P2 is supposed to change value, P2 remains as the previous value 

for the whole duration of the test. In the case of the previous example before 

signal is given P2=PB. The first time-step after signal is given, if the model 

had no valve delay, then P2=PA. Instead with the valve delay, P2=PB for 70 

ms (seven time- steps) after signal is given. In Figure 24 the DCV delay is 

taken in consideration. 

 

 
Figure 24: Q2 calculations with PESU with valve delay. 
 

Comparing Figure 23, Figure 22 and Figure 24 the valve’s delay reduces 

the transient, but it does not get rid of it. The transient takes place over a 

time interval of about 180 ms (Figure 44), while the valve has a delay of 64 

ms. The valve’s delay is not the main reason of different transient behavior. 

Figure 25 and Figure 26 show velocity and pressure plots representing the 

cylinder’s direction change transient. Figure 25 focuses on the second tran-

sient of Figure 24 and Figure 22. 
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Figure 25: velocity plots over position and flow rates plots. 
 

 
Figure 26: pressure plot over position plots. 
 

In Figure 25 it shown that, once the directional control valve has reached it 

position, piston velocity drops to zero. This means that CA is being supplied 

to chamber A. This is farther proven by the increase of PA values (Figure 

26). The reason why the transient does not match the measured values is 

because of the piston’s cushion.  

From piston’s speed decrease recorded before the first signal (time mark at 

around 3 seconds in Figure 24)  is known that piston’s cushion had been 

activated in the previously half cycle. Pressure in the exhaust chamber 

(chamber A) is higher than the measured ones. Additionally flow parame-
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ters changed. Given that parameters C, B and P2 are unknown in the case 

where piston’s cushions are activated, an accurate volumetric flow rate es-

timation cannot be done. The transient cannot be estimated.  

 

In conclusion, given the lack of data concerning the used components and 

the impossibility to measured pressure values inside the actuators cham-

bers, measured pressure drops cannot be said to correctly represent meas-

ured volumetric flow rates. Although they can be said to be consistent with 

measured volumetric flow rates because the volumetric flow behavior is 

similar to the calculated one and because the calculated values are not too 

different from the measured one. 
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7 Results 
 

Results from test 0 are not shown. In test 0 the team decided to have actua-

tors going at velocities with and without PESU. To achieve that, a speed 

control valve (component 8 in Figure 4) was mounted in the system. Com-

ponent 8 was mounted as such it would throttle actuators’ exhaust flow 

rate. Throttling was applied only when PESU was not applied to the system. 

By throttling the exhaust flow rate, the team was able to create a back pres-

sure which substituted the back pressure generated by PESU.  

In tests 1, 2, and 3 no throttle was applied to the actuators (just on the grip-

pers). Given that experiments were done with two different set ups, com-

paring results between test 0 and other tests was not done. 

 

To evaluate the effectiveness of the unit on a pneumatic system, productivi-

ty and total energy consumption analysis were done. These parameters help 

indicating whenever the unit is worth investing on.  

 

7.1 Total energy consumption  
 

Total energy consumption is difficult to address without compressor’s elec-

tric power measurements. To properly evaluate energy consumption of the 

system it would be needed to evaluate compressor’s power consumption. In 

the case of the tested system many compressor’s data would be needed to 

evaluate power consumption. First it would be needed the flow rate output-

ted by the compressor and its pressure value. On top efficiency of the com-

pressor and efficiency of compressor’s electric motor would also be needed. 

Oil and vapor content can be neglected.  

Although flow rates and inlet pressure values are known, compressor’s effi-

ciency and electric motor’s efficiency were not available. The writer reminds 

that to test the systems a proper compressor was not available. 

To evaluate the total amount of energy used by the system, the inlet power 

to the system was integrated over the whole duration of the experiments.  

 

The inlet power can be evaluated as: 

 
 𝑊𝑖𝑛 = 𝑄𝑖𝑛 ∙ 𝑃𝑖𝑛 (22) 
 
The CA entering the system can be considering as source of the inlet power.  

Integrating equation (22), over the whole recorded time range, the total 

amount of used energy can be estimated.  
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𝐸𝑖𝑛 = ∫ 𝑊𝑖𝑛

𝑡𝑓

𝑡0

𝑑𝑡 = ∫ (𝑄𝑖𝑛 ∙ 𝑝𝑖𝑛)

𝑡𝑓

𝑡0

𝑑𝑡 (23) 

 

In page 32 air is considered as an ideal fluid. Applying equation (8) to equa-

tion (23).  

 
 

∫ (𝑄𝑖𝑛 ∙ 𝑝𝑖𝑛)

𝑡𝑓

𝑡0

𝑑𝑡 = ∫ (𝑄𝑖𝑛 ∙ 𝜌𝑖𝑛 ∙ 𝑅𝑇)

𝑡𝑓

𝑡0

𝑑𝑡 = 𝑅𝑇 ∫ (𝑄𝑖𝑛 ∙ 𝜌𝑖𝑛)

𝑡𝑓

𝑡0

𝑑𝑡

= 𝑚𝑖𝑛 ∙ 𝑅𝑇 

 (24) 

 

𝑚𝑖𝑛 being the total CA enetering the system and is equal to 𝑚𝑖𝑛 = 𝑄1 ∙ 𝜌0. T 

being the fluid temperature which is constant and is assumed at 25 ̊C or 298 

K. 

 

7.2 Time cycles 
 

In industry processes speed is the most important factor. Pneumatics is 

widely used in production plants with high level of automation. Production 

plants are usually organized in production line in which the takt time of 

each station (time taken for each station to fully complete its task on the 

product) is strictly related to the rate at which finished products leave the 

line. In theory the longest takt time is equivalent to the rate of finished 

product delivery. 

 

In tests a cycle is defined as the time it takes for the actuator to go back in 

the starting position. To evaluate how the unit affects system’s cycle time, 

the number of cycles is counted and divided by the time duration of the test. 

Cycles’ mean velocity is then given. 

 

7.3 Energy consumption per cycle 
 

Total energy consumption does not give any information about the relative 

energy consumption needed to accomplish the same action. The amount of 

energy that the system needs to complete one cycle with and without PESU 

must be evaluated to assess PESU effectiveness. 

The relative consumption of a cycle in each experiment is given as a mean of 

the total amount of energy used by the system divided by the total number 

of cycles done in the same time interval. Results are shown in Table 6.   
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7.4 Data results 
 

Each experiment was done once. The results shown are data coming from 

analyzing one recording. Inlet conditions were kept constant in all experi-

ments. Every pressure regulator and throttle valve had the same set up in all 

experiments. Results of the experiments are reported in Table 6. 

 

Table 6: experiment's results. 
 
 Test 1 Test 2 Test 3 

 With 

PESU 

Without 

PESU 

With 

PESU 

Without 

PESU 

With 

PESU 

Without 

PESU 

Total C.A. con-

sumption at at-

mospheric pres-

sure (J) 

45 

379 

84 103 42 

274 

82 645 13 851 24 724 

Average cycle 

speed (sec-

onds/cycles) 

6.79 5.91 8.04 6.49 0.54 0.49 

Consumption of 

C.A. per cycle 

(J/cycle) 

2 521 4 102 2 818 4 467 61.84 100.10 
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8 Results analysis 
 

The following chapters give a detailed explanation of changings in the sys-

tem variables. To provide the reader with a better understanding of what is 

happening in the system, flow rates and pressure values are analyzed inde-

pendently. 

 

Results show that experiments’ variables had the same behavior in different 

tests. In all tests, when PESU was applied, cycle time increased while energy 

consumption decreased. All tests can be then said to give consistent results. 

To avoid purposeless repetitions, just plots of test 1’s parameters are shown. 

Test 1, having one actuator with a position sensors, is the only test where all 

data are known. Other tests had one actuator without position sensors (ac-

tuators 3 and 4 are controlled via reed sensors). 

 

8.1 Mass flow rates behavior 
 

In Figure 27 mass flow rates from flow rate sensors in test1’s experiments 

are compared. 

 

 
Figure 27: comparing flow rates in test 13. 

 

In Figure 27 it shown that Q2 and Q3 are not always lower when PESU is 

used. This can be consistent with results. Data from Table 6 show that pis-

 
3 The graph above is used to compare cycle behaviour in both experiments. The time axis 

(x-axis) is not equal for plots with and without PESU. Cycle with PESU takes more time to 

be completed. Cycles with PESU are showed with their time variable multiply by a factor 

which corresponds to the ratio of time taken for the two experiments to complete 1.5 cycle. 

This way, the two cycle are compared. 
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ton’s velocity is lower in the case where PESU is present. Volumetric flow 

rate is dependent on the actuator speed (equation (10) and (11)), but mass 

flow rate values are not found to be lower when PESU is applied (Figure 

27). From equation (9) mass flow rate is dependent both on the pressure of 

the fluid and volumetric flow (other parameters are supposed to be con-

stant). A reduction in volumetric flow, if pressure is increasing, does not 

mean a reduction in mass flow rate. 

To verify that measured volumetric flow rates are lower when PESU is ap-

plied, flow rates must show as if they were recorded at their relative pres-

sure (actual volumetric flow rates) and not at gauge pressure.  

By doing the following calculation the actual volumetric flow rates can be 

obtained: 

 

𝑄1 = 𝑄1 ∙
𝑃0

𝑅 ∙ 𝑇0

𝑅 ∙ 𝑇∗

(𝑃𝐸 + 𝑃0)
 (25) 𝑄2 = 𝑄2 ∙

𝑃0

𝑅 ∙ 𝑇0

𝑅 ∙ 𝑇∗

(𝑃𝐶 + 𝑃0)
 (26) 

 𝑄3 = 𝑄3 ∙
𝑃0

𝑅 ∙ 𝑇0

𝑅 ∙ 𝑇∗

(𝑃𝐹 + 𝑃0)
 (27) 

 

It can be obatin the real volumetric flow rates, which are plotted in Figure 

28. 

 

 
Figure 28: real volumetric flow rate in test 1's experiments3. 
 

From Figure 28 it can be seen how supply mass flow rate (magenta lines) is 

much smaller when PESU is applied. This is coherent with results from Ta-

ble 6.  
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8.2 Pressure in the actuators 
 

In Figure 29 actuator pressure values are plotted in relation to piston’s po-

sition. 

 

 
Figure 29: pressure plot in actuator 1 in test 13,4. 

  

Since it was not possible to sample pressure values inside the actuator’s 

chambers, pressure values are sampled immediately outside the actuator 

input and exhaust port.  

 

The recorded pressure values are reported in Figure 29. By comparing the 

different pressure plots in Figure 29 it is clear how pressure lines PA and PB 

have higher values when PESU is used. In general, pressure values when 

PESU is applied are approximately 1 bar higher than when PESU is not ap-

plied. No throttling was applied in both experiments. The only difference 

between the experiments is PESU. These results indicate that PESU in-

creases backpressure value in the actuator. Table 7 reports the minimum 

chamber pressure values recorded in each experiment. 

 

Table 7: minimum flow rate values4. 
 

 With PESU Without PESU 

 PA PB PA PB 

Min recorded pressure values [Bar] 2,54 2,05 0,94 0,45 

 

 
4 At gauge pressure 
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In conclusion, for the same piston’s position, end stroke pressure values are 

higher when PESU is applied. This is also valid for both PA and PB and in 

every end stroke position of tests.  

The increase of backpressures can be verified both graphically (from Figure 

29) and from Table 7 (where the lowest recorded value for pressure over the 

whole sampled time are reported). It can then be stated that the unit causes 

back pressure at the exhaust.  

 

It is important to notice the behavior of pressure value at the end stroke. 

For example, in the first cycle shown in the piston is moving to its zero posi-

tion (zero values for the position sensor). In this case CA is being supplied 

to PB and CA is being exhausted from PA. When the piston approaches the 

end stroke position, pressure PA decreases, while PB increases. This behav-

ior is due to piston’s cushions. Figure 30 shows pressure in the chambers 

over piston movement when PESU is not applied. 

 

 
Figure 30: pressure values without PESU over piston's velocity and posi-
tion4. 
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Figure 31: actuator 1 cross section. 

 
Figure 32: focus on actuator 1 cuschion ring. 
 

When the piston is close the cylinder end, the cushioning system is activat-

ed.  

If the piston is moving toward the zero position (i.e., the piston is retract-

ing), cushion ring A (component 7 in Figure 32) enters the cushion seal 

(component 8 in Figure 31). CA, which normally flow through the cushion 

seal is forced to flow though cushion valve (component 13 in Figure 31). 

Cushion valve is a much smaller orifice than the cushion seal. Pressure in 

chamber A (different from PA) increases, exhaust flow rate decreases and 

speed decreases. Given the lower velocity, also PB increase and the supply 

flow rate decreases.  

In Figure 30 PA decreases instead of increasing. This happens because 

Chamber A’s pressure is sampled outside the cylinder, it does not report the 

pressure in between dumper (component 16 in Figure 31) and the cushion 

seal, which is the pressure values that influence the dynamics of the actua-

tors. Flow rates being exhausted from actuator 1 are so small that the pres-

sure drop between PA and PF is not large and decreases (Figure 45). Act1 

contains cushion on both sides. The same behavior is experienced by PB 

when the piston is reaching the full-length position. 
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8.3 Pressure values before at the supply and at the exhaust 
 

The supply and exhaust pressures with and without PESU are presented in 

Figure 33. In both cases: PC is the CA’s pressure supplied to the valve, while 

PF is the CA’s pressure at the exhaust. When PESU is not applied, PC acts as 

the external supply and as the supply to valves, so in this case PC=PE. 

 

 
Figure 33: pressures value in test 1’s experiments4.  
 

As a farther proof of what was stated in chapter 8.2: in the case PESU is not 

used, exhaust pressures reach lower pressure values than when PESU is 

applied. For instance, when PESU is applied, exhaust pressure never reach-

es values lower than 2 Bar4. While when PESU is not applied, exhaust air’s 

pressure reaches lower values, close to zero4. 

 

Supplied pressure values (PC) to actuator 1 have higher values when PESU 

is applied. These are approximately 1 bar higher when the unit is applied. 

When PESU is applied both the pressure supplied to the valve (PC) and the 

pressure coming from the external supply are higher (PF). 

The higher-pressure values supplied to the valve are due to air recirculation. 

PESU’s working principle is to recirculate air from the exhaust. The booster 

used in PESU has a pressure ratio of 2, meaning that booster CA output 

pressure is double with the respect to the inlet one. The exhaust pressure 

fluctuates around 3.5 Bar4, double of which is 7 Bar4, which is higher than 

CA’s pressure values from the external supply (PF fluctuates around 6.8 

Bar4). It is then expected that, when PESU is applied, supplied air to DCV 

(PC) has higher pressure levels than when PESU is not applied. 

It was also recorded that CA’s pressure values from the external supply are 

higher when PESU is applied (straight PE line in Figure 33) than pressure 
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values from the external supply when PESU is not used (dashed PC line in 

Figure 33 where PC= PE). CA is supplied to the system with the same exter-

nal supply. Plus, two pressure regulators ensure that pressure value is iden-

tical in both experiments.  

 

The reason for external supply pressure values to be higher in the case 

where PESU is applied is the presence of check valves in the unit. At first 

the external supply is powering the system. As time passes and PESU recir-

culates air, repressurized air increase its pressure value over PE. The valve 

that allows Q1 to supply the system closes to allow repressurized CA to sup-

ply the system. In this instant Q1 increases PE. Once PE reaches pressure 

values higher than the repressurized air, the valve that allows Q1 to supply 

the system opens and the external supply is supplying again the system. 

This happens until repressurized air is lower than PE. Once this happens the 

cycle repeats. The alternation between external supply and repressurized air 

acting as supply for the system increase PE to a certain value. The increase 

in PE explains the decrease in Q1. A similar explanation is used to describe 

the unsteady behaviour of PE in chapter 8.5. 

 

In Figure 34 the process of repressurized CA substituting the main supply 

as CA source to the actuators can be seen. 

  

 
Figure 34: flow rate plots over pressure plots in test 0.24. 
 

At first the supply flow rate from external source (Q1) has approximatevly 

the same values of Q3. Once PESU re-presssurized CA has reached pressure 

values higher than PE and re-pressurized air acts as supply, some spiked in 

Q2 can be seen (marked by black circles). At the same time tank pressure is 

decreasing. PE is decreasing as well and Q1 is decreasing. Around 18 seconds 
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(marked by the dotted black line) Q1 undergoes a sudden decrease and the 

system is mainly powered by the recirculated CA.  

 

In Figure 33 pressure values PC using PESU and not using PESU are con-

verging because PC using PESU is decreasing. This is due to a decrease in 

tank pressure values. It must be estimated if tank pressure is diminishing 

due to a decrease on external supply performance or the system is using CA 

at a too high rate. 

  

8.4 Causes of speed reduction 
 

Data show that when PESU is applied to the system, the actuator’s speed is 

reduced. This is farther proven by the reduction in flow rates.  

Data also show that backpressure is generated at the exhaust. Furthermore, 

supply CA’s pressure levels to the actuators are higher when PESU is ap-

plied. Knowing these an explanation of actuator speed reduction can be giv-

en.  

 

Let’s first start to what the system experiences. At first the system is sup-

plied with CA. Air is free to circulate in the system. Once air is supplies to 

the actuators, the piston accelerates until pressure difference is fixed and 

force balance is found. The piston now has a constant velocity. Recalling 

that: 

 
 𝐹 = 𝑚 ∙ �̈� + 𝐹𝑣 + 𝐹𝑒𝑥𝑡 = 𝑃𝐴 ∙ 𝐴𝐴 − 𝑃𝐵 ∙ 𝐴𝐵 (28) 
 

If forces in the piston are equal to zero during movement (neglecting seal 

friction which is dependent on velocity and external forces), then PB and PA 

must balance each other, then PA*(AA/AB) =PB (AA/AB is always greater than 

one). 

Let’s suppose that PESU is not being applied and pressure is supplied to 

chamber B, the piston is moving in the negative direction. When the piston 

will reach a steady velocity state, PB will be equal to PA(AA/AB), where PA is 

given by pressure drop that air experiences to win circuit resistance. If cir-

cuit resistance is increased, then also PA will increase. To reach steady ve-

locity state, PB will increase as well. Recalling that the ratio (PB+P0)/(PC+ 

P0) proportionally determines the amount of flow rate to the actuators. If PC 

remains constant and PB increases, then the flow rate will decrease. Know-

ing that the piston’s speed is proportional to the supply flow rate, a decrease 

of flow rate means a reduction in piston’s speed. 

 

When PESU is applied to the system, the back pressure at the exhaust is 

increased. Taking as an example the case described in the previous 

paragraph, inserting PESU in a system means that the exhaust pressure PA 
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is increased. PB is hence increased as well (to maintain the pressure balance 

in the cylinder). It must be recalled that PESU increases PC pressure values. 

Given that Q2 is dependent on PC, an increase in PC corresponds to an 

increase of Q2.  Also, an increase of PC lowers the pressure ratio. To evaluate 

the effect of back pressure and supply pressure increase, a proper 

comparison between the two theoretical flow rates must be done. The 

calculated flow rates (Q2), pressure ratios, and piston velocities and piston 

acceleration are presented in Figure 35 and Figure 36. 

 

 
Figure 35: calculated volumetric flow rates and pressure ratio compari-

son3. 

 
Figure 36: velocity plot over acceleration plots3. 
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As shown in Figure 36 3 , velocity and acceleration5 are always lower in 

magnitude in the case when PESU is applied (blue line is always greater in 

magnitude with respect to the red line). In Figure 35 it is shown that pres-

sure ratio is  smaller when PESU is not applied.  

Speed is proportional to volumetric flow rate which is smaller when pres-

sure ratio is higher. Results from Figure 35 and Figure 36 are consistent 

with this statement. In Figure 35 pressure ratio is always higher when 

PESU is applied. Calculated volumetric flow rate with PESU is always 

smaller then calculated flow rate without PESU. 

 

8.5 Sudden rises in flow rate when the unit is applied 
 

When PESU is applied, some sudden increase in flow rates values were rec-

orded. This behavior can be identified by the spike in Q1 and Q3 (shown 

with a dark orange ring in Figure 37). This sudden increase can be seen also 

in pressure values (Figure 33).  

 

 
Figure 37: flow rates with PESU. 
 

The cause for such behavior is caused by the working principle of the unit. 

As explained in chapter 2, the actuator supply air comes from two different 

sources. One is from the main supply; the other is from re-pressurized ex-

haust air. The two CA source do not supply the actuators simultaneously.  

 
5 Acceleration is obtained by integrating velocity values using an open-source first order 

finite-difference method MATLAB code (19). 
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Re-pressurized exhaust air is supplying the actuators only if its pressure 

values are higher than the pressure values from the main supply and in the 

DCV’s inlet line (because of the pressure regulator). At first the actuators 

are supplied with flow rate coming exclusively from the external supply. 

Once re-pressurized exhaust air reaches a pressure value higher than the 

pressure value from the main supply, then the re-pressurized exhaust air 

acts like a supply.  

 

 
Figure 38: pressure to valve over volumetric flow rates4. 
 

From Figure 38 the changes of fluid variables can be seen. 𝑚2̇  has a steady 

behavior, while PC shows some sudden increase in pressure values. Increas-

es in PC are consistent with increase in PE.  

When PC and PE record pressure increase, the system is supplied with recir-

culated air, the flow from external supply is closed while the one from air 

recirculation is opened. Increased PC values are due to the higher pressure 

from recirculated air. On the other hand, PE increase is due to cease air 

supply from the tank, i.e., PE and PT are reaching the same value.  

Mass flow rates 𝑚1̇  and 𝑚3̇  do show this behavior with certain delay (due to 

the flow rate sensors’ delay). At first, exhaust air pressure (PF) is constant, 

meaning that exhaust air is being recirculated. When recirculated air acts as 

a supply, air pressure value in pipeline 13 of Figure 2 drops. Meanwhile, the 

booster continuously supplies the unit with repressurized air. Once pres-

sure in pipeline 13 drops to pressure level lower than PC, recirculated air 

does no more supply the system. Sometime in between the time span when 

recirculated air acts as system supply, exhaust pressure drops. When supply 

pressure drops, 𝑚3̇  increases. So, when PESU is recirculating, exhaust flow 

rate increases.  

The opposite happens for 𝑚1̇ . When the system is recirculating air, PC in-

creases and the pressure ratio PC/PT increases. As shown in equations (20) 
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and (21) volumetric flow rate values are indirectly proportional to supply 

pressure ratio. An increase in PC means a decrease in 𝑚1̇ . 

 

Once PE reaches higher values, then re-circulated air pressure, PE becomes 

the supply and re-circulated air is isolated from the supply. PE pressure val-

ues are then decreasing and 𝑚1̇  increases. Once recirculated air pressure 

increases over PE, then the external supply no longer provides flow to the 

actuator and cycle repeats.  

 

8.6 Supplied pressure value 
 

Experiments in each test were done consecutively. No inlet parameter was 

modified. For this reason, the supply was assumed to be constant. Record-

ing of tank pressure are consistent with this last statement with a certain 

range. Measured tank pressures are shown in Figure 39, Figure 40 and 

Figure 41. 

  

 Figure 39: tank pressure test 14. 
 

Figure 40: tank pressure test 24. 

 
Figure 41: tank pressure test 34. 
 

Tank pressure is not constant over time. Figure 39, Figure 40 and Figure 

41 show that tank pressure is fluctuating over a range of 0.2 Bar.  
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Tank pressure behavior does not seem to be influenced by the application. 

It is expected that pressure will decrease and then stabilize around a specif-

ic value, but this does not happen. In Figure 39 and Figure 40 tank pres-

sure values are decreasing in the case where PESU is applied and increasing 

where PESU is not applied. The opposite behavior is recorded in Figure 41: 

tank pressure values are increasing in the case where PESU is applied and 

decreasing where PESU is not applied.  

An option to reduce tank pressure fluctuation could be to install higher ca-

pacity tanks, but no bigger tanks were available. 

 

8.7 Temperature changes 
 

To fully evaluate the effect of PESU on the system, also air temperature had 

to be taken into consideration. It was needed to evaluate how the unit af-

fects temperature values. On each connection of the system to PESU tem-

perature sensors were placed as the closest sensor to PESU. This way tem-

perature readings are only dependent on the unit. 

 

The effects of PESU on temperature are analyzed. First supply air’s temper-

ature is compared between the tests. Temperature of air coming from the 

external supply (T1) and the air going to the actuators (T2) are subtracted, 

T2 − T1. No temperature sensors were available at the actuator. Since T3 

measured the temperature values of the exhaust air and T2 measured the 

temperature value of air at the actuator supply, those values were taken as 

reference value for air temperature’s values at the actuators. Results of the 

subtraction T2 − T3 are shown in Table 8. For sake of completeness, also 

difference over T3 − T1 is given.  

The greatest difference shown is the biggest in absolute value among posi-

tive and negative differences. The sign is shown to evaluate the changes in 

direction of temperature change. Results are shown related to the experi-

ments where PESU is applied.  

 

In the case where PESU is not applied, temperature sensors T2 and T1 are 

placed in series. Showing temperature difference between T2 and T1 would 

have given no information since their values is almost identical. T3 reports 

exhaust air temperature. Showing the difference between T3 and one be-

tween T2 and T1 would mean showing temperature increase due to the actu-

ators, something that is not interesting. No temperature results are shown 

when PESU is not applied. 

 

 

Table 8: temperature max difference [ ̊C] . 
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 Test 1  Test 2 Test 3 

𝐓𝟐 − 𝐓𝟏 = [ ̊𝐂]  1.05 1.34 -0.67 

𝐓𝟐 − 𝐓𝟑 = [ ̊𝐂]  2.50 1.49 3.19 

𝐓𝟑 − 𝐓𝟏 = [ ̊𝐂]  -2.37 -0.42 -3.70 

 

In chapter 6.3 temperature is assumed to be constant at 25 ̊C. Because in 

every case temperature differences are very small, smaller than 4 ̊C (as re-

ported in Table 8). Such a value is too small to influence calculations. A 

change of 3.70 ̊C (maximum changes recorded) will mean a difference of 

1.3% over the flow rate calculation. The temperature sensor has a total error 

of 1% at 25 ̊C (23). Given that the two errors are comparable to each other 

and that mass flow rates are rounded to the third decimal, temperature dif-

ference can be safely ignored. 

T3 measures the exhaust air temperature. Thus, it measures air after the 

fluid has gone through all dissipative components in the system. T3 can be 

considered as the air temperature at the piston exhaust. T2, which is always 

higher than T3 (Figure 46, Figure 47 and Figure 48), is considered as the 

temperature at the inlet of the actuators. In all experiments T2 and T3 do 

not differ much from T1. As shown above, even an error of 4 ̊C won’t be a 

problem. T1, which has almost constant behavior, is taken as the air tem-

perature value in the actuators. For sake of calculation simplicity, 25 ̊C was 

chosen as reference temperature. 

 

In the case of Figure 46 and Figure 47, air temperature slowly increases 

(0.5 ̊C/min). Temperature increase is not constant and is dependent on 

PESU activity. In test 3 (Figure 48) air temperature does not increase but 

decreases.  

Test 1 and test 2 both use a big actuator with high flow rates. Dissipation 

and heat generation are closely related to flow rates.  

In test 3 (Figure 48) dissipations and heat generation is minor. It is so low 

that is all released in the environment. Because environment’s temperature 

is lower than the fluid temperature. CA’s temperature is lowered. 

In test 1 (Figure 46) and test 2 (Figure 47) too much heat is generated to 

keep the air temperature stable. Some generated heat is exchanged with the 

environment, some is then exchanged with the fluid, increasing air’s tem-

perature.  
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9 Data analysis 
 

Before modifying a production plant, costs and benefits analyses must be 

done. The PESU is small is size, it does not represent a safety problem, it 

does not need any external power source other than CA and it is easy to 

mount. Changing PESU’s setting can be considered easy since only the out-

let pressure can be regulated via component 9 in Figure 2. 

Understanding that placing PESU in a production plant most likely won’t 

cause any issue, performances analysis must be evaluated. Once this is 

done, the economic gain of installing PESU can be evaluated. 

 

9.1 Performances analysis 
 

Evaluating efficiency is not simple because it would require input and out-

put power to be known. While input power can be known, output power is 

not always known. Output power is calculated from the multiplication of the 

useful force developed in the actuator times its velocity. This calculation 

could only be done for test 1, where useful force could be evaluated from 

piston’s acceleration and where piston’s velocity is known. In test 2 and test 

3 this could not be done because there is no information relative to piston 

velocity or acceleration.  

A much simpler analysis consists of evaluating system performances.  This 

was done by evaluating the gain of a specific quantity: 

 

 𝑔𝑎𝑖𝑛 =
performances with the unit

performances without the unit
 [%] (29) 

 

Results displayed in Table 9 highlight the advantages and disadvantages of 

PESU. 

 

Table 9: system gain. 
 
 Test 1 Test 2 Test 3 

Average cycle 

speed (sec-

onds/cycles) 

115% 124% 110% 

Consumption of 

energy per cycle 

(J/cycles) 

61% 63% 62% 

  

The unit was conceived to reduce energy consumption. Results in Table 9 

are consistent with this last statement. Given the same number of cycles, 

when the unit is applied, energy consumed by system is always lower. Re-

sults report that about 38% of energy is saved by applying PESU to the sys-
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tem. Percentage of the decrease in energy consumption seems to not de-

pend on the application.  

On the other hand, changes in average cycle time seems dependent on the 

application. In all applications the time taken for the system to complete the 

same cycle increases. From results in Table 9 it seems that the higher volu-

metric flow is required by the system, the higher the time cycle increase.  

 

9.2 Return on investment period analysis 
 

The economic benefits of installing the unit largely depends on the system 

and the plant it has been applied to.  

The economic effectiveness of PESU is dependent on the time cycle increase 

and the energy saving must be evaluated. Since it does not exist a method to 

evaluate system performances analytically, performance must be evaluated 

experimentally.  

Values for energy saving gain and cycle time gain can be obtained from re-

sults of test 2 Table 9. Test 2 represents an industrial CAS (a packaging sys-

tem) and shows the worst performance. To evaluate PESU performance in 

the worst-case scenario, results from test 2 are used for the economic analy-

sis. 

 

The return of investment period is defined as the time taken for an invest-

ment to pay itself out, i.e., the amount of time it takes for the investor to 

gain back what it had invested. The return of investment period can be ob-

tained by evaluating the 𝑛 variable in the Net present Value (NPV) equation 

(30): 

 

 ∆profit∙ ∑
1

(1 + 𝑖)𝑡

𝑛

𝑡=1
− U > 0 (30) 

 

Where 𝑛 is the total time taken by the above relation to be true and 𝑖 is the 

interest ratio.  

In this case the initial investment would be the P.E.S unit and the needed 

connection. The cost of the unit is 2000 €6, while the cost of the connection 

can also be ignored. 

 

Assessing profit is more difficult since is dependent on how the unit is ap-

plied.  

Profit is defined as: ∆profit = ∆revenue − ∆costs. Revenue and costs are 

balanced according to the company’s goals.  

 
6 The actual price of the unit was not available, it was done an estimation by the sum of the 

cost of all components present in PESU plus a certain profit. 
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Revenues are directly proportional to productivity. Productivity is depend-

ent on the station with the longest time cycle. If the unit is mounted on the 

station with the longest time cycle, or if the station where the unit is mount-

ed becomes the station with the longest time cycle, productivity will de-

crease. Total revenue will probably decrease as well. The unit also saves en-

ergy, total cost will decrease as well. But according to the application, profit 

may decrease or increase. then: 

 

∆revenue = ∆ total production value

= ∆produce products ∙ product value 
(31) 

∆costs = ∆amount of used CA ∙ average cost of CA (32) 

 

If instead, the unit is mounted to a station where the increase of time cycle 

won’t affect production. Costs will decrease due to the lower amount of C.A. 

used. Profit will certainly increase.  

 

By assuming: 

• PESU is applied to one station 

• the average cost of CA=0.044 €/kg (double of what reported in (6)) 

• interest 𝑖=8% (latest inflation value recorded in Italy) 

• ∆amount of used CA= (-1+GAIN(air consumption))*�̇�(no PESU)*TOTtime 

• ∆produce products=1- GAIN(cycle time consumption) 

• �̇� (no PESU)= 0.483 kg/min from test 27  

• TOTtime=8 full shift hour for 252 working day a year 

 

Daily the total amount of costs saving is about 3.98 €. Even if the applica-

tion of PESU in a production plant would cause even a small delay, it would 

not be fruitful investment.  

 

On the other hand, if the unit does not influence total revenue, ∆revenue=0, 

then PESU has a return of investment of 3 years. Calculations were done by 

just considering reduction in energy consumption to produce CA. It must be 

reminded that a reduction in compressed air production implies in a longer 

life of compressor and of other pneumatic components. 

 
7 Value obtained by dividing the total amount of CA used in test 2  (calculated as showed in 

chapter 6.3) divided by the time of the experiment (which is 2 minutes in all the experi-

ments) 
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10 Conclusion 
 

These experiments were done to evaluate the effects of PESU in pneumatic 

system. First a pneumatic system was developed. It was also briefly ex-

plained on how the systems and their component worked.  

PESU was found to reduce overall CA consumption to complete the same 

operation. It also was found that PESU generates back-pressure, which for 

reason explained in the previous chapters, reduces the actuator’s speed.  

 

10.1 PESU speed reduction 
 

From an economic point of view actuators’ speed reduction is not liable. 

Production rate must be always kept at maximum speed. By reducing back-

pressure actuators’ speed will increase and be brought even to higher value 

than in the case where PESU is not used.  

 

10.2 Possible future tests 
 

A way to reduce back pressure can be to install quick exhaust valve at the 

actuator exhaust. This way the exhaust flow rate will experience the pres-

sure drop given by the quick exhaust valve and not by DCV (DCV pressure 

drop is usually high). Unfortunately, no test was done with this set up. 

 

Additional experiments may consist in testing PESU for longer than two 

minutes. This would help on analyzing the system behaves when PESU is 

applied: if temperature increase is significant or not, or how it behaves if 

maximum tank pressure drop is smaller than 0.2 bar, as recorded in para-

graph 8.6 . 

Additionally, the system can be studied with a compressor acting as the only 

external supply. This way the system could be tested with known input 

power values.  

 

10.3 Economic liability of PESU 
 

A small economic analysis was done. PESU is a relative cheap component, it 

is easy to install and does not require continuous setting. Results from the 

economic analysis showed that PESU energy saving capacity is not of great 

economic importance. This is mainly due to the low costs of pneumatic en-

ergy. Neither the less, due to its low costs, PESU can return its investment 

in a less than 3 years if its application does not lower productivity.  

 

With the collected data, PESU is a liable investment only when its applica-

tion does not involve a reduction in productivity. 
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10.4 Issue with gathered data  
 

Collected data are sufficient for a brief evaluation of PESU in a CAS. Data 

are not rigorous. First pressure values were collected outside the actuator 

chamber. This pressure values, even though they are shown to be consistent 

with mass flow rates values (chapter 6.3), do not represent, at some time 

instant, the actual pressure values in the actuator. This is the case of the 

issue with the cushioning system present in actuator 1 described in chapter 

8.2. 
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Appendix A 

 
Figure 42: comparing mass flow rate 2 from sensor readings to the calcu-
lated from piston’s velocity. 

 
Figure 43: values reported in Figure 42 with sensor dynamics 
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Figure 44: delay in transient. 

 
Figure 45: exhaust flow rate pressure difference. 



73 

 

 
Figure 46: temperature difference test 1. 

 
Figure 47: temperature difference test 2. 
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Figure 48: temperature difference test 3. 


