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 Abstract: The design of technical solutions and the serial execution of electrical subassemblies to be 
integrated into the production of electronic components in the automotive industry requires adaptation to new 
working conditions and technologies, doubled by the quality of services and products, which must be 
competitive on a global scale. This can also be achieved by choosing the optimal variants of machines or 
equipment that are the most profitable from a qualitative and economic point of view for a fully automated 
technological process, as well as by a maintenance of these systems, which must be performed in 
accordance with the instructions manufacturer and at regular intervals. In this context, the appearance of 
new technical resources, of new trends and especially automation, gave to pneumatic technology an ever-
rising development, most of the time, pneumatic drives constituting a basic component in intensive 
production systems. This paper aims to present a description of a pneumatic equipment for microdeformation 
of wires in the automotive industry, the technological process for obtaining microdeformed components 
(wires), as well as a calculation of the characteristic parameters of the pneumatic equipment. 

Keywords: Pneumatic equipment, wires, microdeformation, tehnological process 

1. Introduction 

In the last decades, there has been a growing evolution of the automotive industry at the global 
and European level, correlated with the increase in the share of electrical and electronic 
components in the construction of vehicles, with the aim of perfecting their performance, the 
European Commission estimating that the European automotive market will be fully electrified by 
2050, as an essential contribution to the future of mobility and the technological base of the 
automotive industry [1, 2]. This led to the development of automated systems for making numerous 
elements in the area of microelectronics, such as digital processors, logic and analog integrated 
circuits, power integrated circuits, sensors, various actuation systems etc. [3]. At the same time, 
autonomous technology and connectivity, hybridization and electrification of motorization, as well 
as digitization along the production chain will lead to fundamental transformations in the way the 
entire automotive ecosystem operates [4, 5, 6]. Their facilitation could be done both by optimizing 
processes and workflows or data management and control, but also by adopting hardware and 
software technologies for the automation and robotization of manufacturing processes [7, 8, 9]. 
Romania is among the European states in Central and Eastern Europe that has a good increase in 
car production, with significant investments from the manufacturers of various components and car 
subassemblies and aligns with the trends regarding the production and sales of vehicles, 
employment, environmental protection or road safety [10, 11]. The production of electrical and 
electronic equipment that is included in the micromotors for raising-lowering windows, adjusting car 
seats, opening-closing the tailgate, actuating the wipers etc. from the automotive industry aligns 
itself with these current trends. 
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In this entire context, the new automation requirements and the development of technical 
resources gave pneumatic technology a strong development, placing it as a basic component in 
intensive production systems. The concept that was initially based only on the execution of the 
command and the power generating by the compressed air is gradually being replaced by the 
concept that associates the electrical and electronic control elements with the pneumatic execution 
elements. The association of the two technologies is done in order to accumulate the advantages 
offered by each of them in the field of control and power [12, 13]. 
Since in a pneumatic system the energy-carrying agent is the compressed air, the energy source is 
the pneumatic generator GP, the compressor, Figure 1. It receives the mechanical energy from an 
electric motor ME or thermal and, aspirating air from the atmosphere, at, achieves a first energy 
conversion, the mechano-pneumostatic one. The second element of the converter will be a linear 
pneumatic motor MPL (pneumatic cylinder or membrane chamber) or rotary, MPR. The pneumatic 
motor performs the second energy conversion, in this case pneumo-mechanical, and transmits the 
mechanical energy thus obtained to an EE execution element. In the case of pneumatic systems, 
the ACR apparatus is completed by the apparatus for the preparation of compressed air, which 
provides it with the necessary qualities to perform the function of energy carrier. 
 

 
 

Fig. 1. General structure of a pneumatic system: ME - electric motor; GP - pneumatic generator;              
ACR - control and regulation equipment; MPR - rotary pneumatic motor; MPL - linear pneumatic motor;      

EE - execution element; ni - input speed; Mi - moment of entry; ne - output speed; 
Me - exit moment; v - velocity; F - force [14] 

 
Pneumatic actuators have found applications in extremely varied fields of technology, for multiple 
and diverse purposes, the profitability assessment of a pneumatic actuator being made both on the 
basis of the cost of the energy consumed and on the basis of the installation cost and maintenance 
and operation expenses. The paper presents a pneumatic equipment for the microdeformation of 
electrical and electronic components [15, 16, 17], with reference to the electric micromotor for 
raising the windows that is a part of a vehicle, taken as an assembly from the class of electric 
micromotors or mechanical-electrical systems.  

2. Pneumatic equipment for microdeformation of electrical and electronic components in 
the automotive industry 

The equipment for microdeformation (folding-cutting) of components is a system with a pneumatic 
drive, which aims to fold the metal arms of the components, as well as to cut the excess material, 
so that the component element obtains the special shape required for assembly [18]. In general, 
such equipment operated with compressed air requires a continuous air flow for flawless operation, 
which is achieved by using a correctly sized compressed air tank. The tank is vertical and 
galvanized inside and outside. It is equipped with a safety valve, which must be adjusted so that it 
opens when the air pressure has exceeded the nominal pressure by 10%, with a manometer and a 
device for purging, mounted in the lower part of the container. The access possibility to the safety 
valves for their adjustment and verification must be ensured.  
The component parts of the wire microdeformation equipment are: the machine basis; air control 
group; pneumatic cylinder; component insertion unit by clamping; the preforming group, the 
pneumatic button and the protective housing, Figure 2. 
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a. b. 
Fig. 2. Wire microdeformation equipment: industrial model (a) [18]; laboratory model (b). 

    

3. The components of the microdeformation equipment from the automotive industry 

3.1 Air control group 

The compressed air reaches into the wire microdeformation equipment through the pressure 
regulator, which adjusts the pressure received from the compressor group, according to the 
technical specifications. Figure 3 shows the pneumatic drive system of the wire microdeformation 
equipment. 
 

 
 

Fig. 3. The pneumatic drive system of the wire microdeformation equipment  

 

3.2 Pneumatic cylinders 

The wire microdeformation equipment has in its structure two pneumatic cylinders, Figure 4: a 
vertical cylinder with a diameter of Ø40 mm, having a stroke of 15 mm and a horizontal cylinder 
with a diameter of Ø32 mm and a stroke of 4 mm. 
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Fig. 4. Pneumatic cylinders: cylinder stroke and allowable lateral load at rod end [19] 

 
The technical characteristics of the cylinders are presented in Table 1 [19]. 
 

                      Table 1: Technical characteristics of pneumatic cylinders 

 Cylinder 1 Cylinder 2 

Diameter of the cylinder [mm] Ø40 Ø32 

Stroke [mm] 15 4 

Cylinder action Double 

Speed range [mm/s] 30-500 30-500 

Absolute maximum pressure [bar] 15 

Maximum operating pressure [bar] 10 

Minimum/ Maximum operating temperature [°C] -10/70 -10/70 

 

3.3 Pneumatic valves 

The purpose of the pneumatic valves is to direct the compressed air along certain directions 
depending on the commands received from the outside. In an actuation system, the valve is 
primarily tasked with reversing the direction of movement of the engine's output and, in certain 
situations, stopping it. The valves used for this purpose are also called main valves. Valves can 
also be used to generate pneumatic control signals, in which case they are called auxiliary valves; 
this category includes: pneumatic buttons, stroke limiters and solenoid valves [19]. Table 2 and 
Figure 5 show the types of pneumatic valves included in the wire microdeformation equipment from 
the automotive industry, respectively, their technical characteristics. 
 

Table 2: Technical characteristics of pneumatic valves [19] 

 Pneumatic valve No. crt. Pneumatic valve 

Mounting style stand-alone Maximum flow rate 578 Nl/min 

Number of ports 5/2 Minimum operating pressure [bar] 1 

Thread size [mm] G 1/8 Maximum operating pressure [bar] 7 

Actuation type pilot/pilot Maximum operating temp. [°C] 60 
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Fig. 5. Pneumatic valves: operating and pilot pressure [19] 

 

3.4 The electric drive system of the pneumatic equipment and the mechanical system 

The wire microdeformation equipment of components is manually controlled by pressing a button 
and is equipped with a mechanical preforming system, Figure 6.  
 

 
 

 

Fig. 6. The mechanical system of the folding-cutting equipment [18]: 1 - support; 2 - guide plug; 3 - matrix;   
4 - bending profile at a 90° angle; 5 - cutter for folding and cutting excess material;  

6 - cutter for folding at an angle of 180°; 7 - profiled support for microdeformation; 8 - stud bolt. 
 

 

The structure of the actuation group includes both the elements necessary for the command and 
those for the protection of the actuation. Avoiding incidents that lead to damage to materials and 
installations is mandatorily fulfilled by protection against short circuits and protection against 
overload, which are ensured by anti-short circuit and/or anti-overload fuses, protection relay and 
circuit breaker. Switches and circuit breakers have the role of connecting or disconnecting direct 
current or alternating current circuits, the contact system comprising two elements, one fixed and 
one mobile. The switching consists in establishing or interrupting the energy from a receiver and is 
ensured by switches and contactors, the fuses being the switching elements that have the role of 
opening the circuit when the current passing through it exceeds the safety value. 
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The technological process of microdeformation of the wires for the capacitors within the 
micromotor for acting the window of vehicles, has the following stages, shown in Figure 7. 
 

 
 

Fig. 7. The technological process of microdeformation of the wires for the capacitors within the micromotor 
for acting the window of vehicles 

 

The blank is inserted into the tweezers provided with a special fixing channel (1), Figure 8. It is 
placed in a horizontal position with the arms facing forward and by pressing the machine button, 
the cutter system executes the cutting and folding of the arms of the blank according to the 
technical specifications (2 and 3). After bending and cutting, the caliper of the pliers is actuated to 
the right to be removed from the rail and the part is released with the help of the stud bolt fixed on 
the module housing, specially intended (4 and 5). A visual check of the cutting-folding operation is 
made by comparing it with a reference product (6). The final result is shown in Figure 8. 
 

 

 

  

Fig. 8. Inserting the capacitors into the tweezers and the result after deformation 
 

If the force acting on the capacitors is not optimal, component microdeformation defects can occur, 
Figure 9. 
 

   
a. b. c. 

Fig. 9. Component microdeformation defects:  
deformed arms (a); arms cut too short (b); arms cut too long (c). 
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3.5 Calculation of the axial forces developed by the rod-piston subassembly 

In order to perform the correct cutting and bending of the condenser arms, the axial displacement 
force of the rod-piston subassemblies must be determined, depending on the diameter of the 
piston and its stroke. The axial force F is defined as a theoretical effort available at the output of 
the rod depending on the direction of movement of the rod-piston subassembly and is calculated 
with the relation: 

 daN ,F p S            (1) 

where: p is the required pressure in the surface chamber S of the pneumatic cylinder.  
Since the frictions due to the piston and rod seals are neglected, a coefficient ,  called the load 

coefficient, can also be used in the calculations to evaluate the real effort obtained. If it is 
considered that the double-action pistons each push a load - the cutters for folding and cutting the 
excess material, then the axial force is obtained by a displacement, in the form of dynamic effort. 
The load coefficient used under these conditions has the value .  = 0.6  
 

 daN .F p S              (2) 

The active surface S depends on the piston diameter, D, Table 1: 

2
2mm .

4

D
S

              (3) 

Table 3 and Table 4 show the values of the axial forces associated with the movement of 
pneumatic cylinders in the range of Ø40 mm and stroke l = 15 mm, respectively Ø32 mm and 
stroke l = 4 mm, for working pressure values between 5÷10 [bar]. 

 
          Table 3: The force values of the vertical pneumatic cylinder, D=40 mm 

No.  
crt. 

p 
[bar] 

D 
[mm] 

l 
[mm] 

 
[mm] 

F 
[daN] 

1. 5 

40 15 0.6 

37.68 
2. 6 45.22 
3. 7 52.75 
4. 8 60.29 
5. 9 67.82 
6. 10 75.36 

            
       Table 4: The force values of the horizontal pneumatic cylinder, D=32 mm 

No.  
crt. 

p 
[bar] 

D 
[mm] 

l 
[mm] 

 
[mm] 

F 
[daN] 

1. 5 

32 4 0.6 

24.12 
2. 6 28.94 
3. 7 33.76 
4. 8 38.58 
5. 9 43.41 
6. 10 48.23 

 

In general, the effective useful force developed by a pneumatic cylinder at a given pressure is, as a 

rule, lower than the theoretical value. The efficiency of the cylinder cη  is defined as the ratio 

between the real useful force and the theoretical force. The efficiency of pneumatic cylinders is 

considered to have values in the  0.7 0.95cη  range, increasing the higher the working pressure 

and the larger the cylinder diameter are. Figure 10 shows, in comparison, the force values of 
pneumatic cylinders of diameter D=40 mm, respectively D=32 mm. 
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Fig. 10. Values of axial forces F for pneumatic cylinders of diameter D=40 mm and D=32 mm 

4. Technological flow for assembling a micromotor for the automatic raising-lowering 
system of a vehicle windows 

The purpose of the wire microdeformation machine is to bend the metal arms of some capacitors in 
the construction of a mechanism for the automatic raising-lowering of some vehicles windows, 
Figure 11. 
 

    
 

 

Fig. 11. The micromotor from the construction of the mechanism for the automatic raising and lowering 
windows of a vehicle [20] 

 

Regardless of the type of motor, it is built from two component parts: the stator and the rotor. The 
stator is the fixed part of the motor, generally external, which includes the housing, the power 
terminals, the stator ferromagnetic armature and the stator enveloping. The rotor is the moving part 
of the engine, usually placed inside. It consists of a shaft and a rotor armature that supports the 
rotor enwrapping. Between the stator and the rotor there is a portion of air called the air gap that 
allows the movement of the rotor relative to the stator. Air gap thickness is an important indicator of 
engine performance. When is actuated from a constant frequency power supply, the electric motor 
is essentially a constant velocity drive, with the velocity dropping only 1% to 5% as the load torque 
is increased from zero to rated value. 
Usually the starting current is thus limited to about four to seven times the rated current when 
started at full voltage. The starting torque is usually in the range of 1.75 to 2.5 times the rated 
value. If the stator has a higher starting current than is allowed from the electrical supply system, 
the motor can be started on a reduced voltage of about 70% to 80% using a step-down 
transformer. Alternatively, the stator envelopings may be connected at the start and switched as 
the speed approaches the rated value. Such measures reduce the starting torque substantially.  



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2022 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 9-10, Băile Govora, Romania 

 

 
9 

 

A reduction in starting voltage to 75% results in a reduction in supply current to 56%, but results in 
only 56% of the starting torque that would be provided at full voltage. 
The flow of the assembly process of the parts from the construction of the electric micromotors 
used for the automatic raising and lowering of the windows of a vehicle is presented in Figure 12.  
 

 

Fig. 12. The process flow for the realization of the parts 
 

The capacitor is mounted on the cutting-folding machine, the operation being performed manually 
(1). At the same time, the bushing and the connector will be mounted in the flange (2 and 3). An 
electric welding will be performed by heating with coal wire. The metal blade expands by heating 
and will make contact (4). Both the group thus welded and the capacitor will be mounted on the 
flange, the operation being performed manually (5 and 6). Next, a non-welded resistance will be 
mounted on the flange, with the help of tweezers, and an electric welding of the resistance with 
carbon wire will be performed again (7 and 8). The assembly of the resistance-carbon welded 
group will be manually mounted on the flange, with a minimum of 1 mm space between the 
impedance arms (9 and 10). The springs will be mounted with the help of a special device (11) and 
the carbon-welded wires will be positioned with the help of the tweezers (12 and 13). Finally, a 
visual control of the assembly will be done, based on a standard product and, for packaging, 
barcode labels and special packaging will be used, after which it will be stored until the transport to 
the customer (14 and 15). 

Conclusions  

In order to carry out the technological process of microdeformation of the wires, a device 
containing pneumatic, electrical and mechanical working components was created. In order to 
provide a constant compressed air pressure, calculations were made of the characteristic 
parameters of the pneumatic cylinders - the effort to move some loads, such as vertical axial 
cutting force, respectively horizontal axial force of deformation of the arms of some capacitors.   
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In order to ensure the tightness and guidance of a pneumatic cylinder, it is necessary to use seals 
and guide rings. However, these elements will generate friction that will influence the operation of 
the cylinder. In order to take these frictions into account when determining the forces developed by 
a cylinder, a load factor was taken into account. The determination of the effort provided by the 
cylinder when the rod is withdrawn was not taken into account, since the efforts provided at the 
output of the rod are important for cutting and deforming the capacitor arms. 
The continuous verification of the work flow, as well as the quality of the execution of the 
microdeformation operation determines the productivity of the work by completing this operation on 
time and sending the components to the next operation, namely the assembly of the micromotor 
flange. 
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Abstract: The research presented in this work addresses the performance of Vertical Axis Wind Turbines 
(VAWT). The aerodynamic performance of the turbine is measured by the power coefficient (Cp) which is 
calculated by simulating the flow around the entire turbine with Computational Fluid Dynamics (CFD). The 
analysis is focused on evaluating the effect on the performance of the turbine for three different cases. In the 
first case, flows with different turbulence intensities are simulated. The turbulence intensity is increased from 
almost zero to 40% which leads to an increase of the Cp of about 27% for small turbines. In the second 
case, we change the camber of the blade during a quarter of the rotation of the VAWT. The proposed 
morphing methodology increases the Cp by 46%. In the third case, the placement of a small turbine on the 
frontal windward corner for three different building heights is studied. The Cp is increased by 80% on the 
highest building compared to the baseline case of the turbine in an unperturbed flow. 

Keywords: Vertical Axis Wind Turbine, Computational Fluid Dynamics, Power Coefficient, Turbulence 
Intensity, Morphing Blade, Roof-mounted Turbines 

1. Introduction  

VAWTs extract power as the airfoil blade generates a torque due to the lift force while rotating. For 
Darrieus or H-Type VAWT the axis of rotation is perpendicular to the flow direction, which leads to 
complex aerodynamics because the angle of attack of the blade is continuously changing. In this 
paper, mainly micro-scale VAWTs defined as an installed power of less than 2.5 kW [1] are 
investigated but we also examine a large 500 kW turbine. 
Micro-scale turbines are mainly interesting for urban applications. Wind flow over a single building 
offers some locations where the wind accelerates considerably and therefore provides a greater 
potential for energy extraction by a wind turbine. Nevertheless, in dense urban locations, the wind 
is both slower and more turbulent. The complexity of this wind flow is due to the presence of the 
buildings themselves and their various effects on the wind flow’s aerodynamic behavior. In this 
paper, the turbulence intensity of the flow is analyzed as it has been shown that it is able to 
increase the performance of the turbine. Experimental results reported in [2] show that the power 
coefficient can increase by 20% when the turbulence intensity is increased to 14.8%. A larger 
turbine is also analyzed and compared with field studies available in [3]. 
CFD has emerged as the most common tool to conduct design and analysis of the aerodynamic 
performance of VAWT [4]. It is cost effective and accurate but is still computationally expensive 
and cannot be used for all analyses. This paper will first show that the effect of the turbulence 
intensity on the Cp is well captured. CFD is then used to model a morphing blade simulation. The 
blade shape has a dominant effect on the wind generated turbine torque.  In section 3, a case 
study is presented when the blade changes its shape during the rotation cycle. Finally, the location 
of a micro-scale turbine on the roof of a building is also studied. It is clear that the building has an 
enormous influence on the flow speed which requires dedicated analysis. Very accurate but 
computation expensive LES simulations were performed in [5] to examine the flow on the roof on 
cuboid buildings of different sizes and different wind directions. Though, the frontal windward 
corner was not recommended for placement of wind turbines while the other two windward corners 
showed significantly higher velocities, in this work we only investigate the frontal windward corner. 
This paper is organized as follows. Section 2 discusses the effect of turbulence intensity on the Cp 
value for a small and a large turbine. Section 3 presents the results of a test case of a morphing 

mailto:marius.paraschivoiu@concordia.ca
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blade and section 4 reports on the effect of the building height on the performance of a small 
turbine placed on the corner of the building. 

2. Effect of turbulence intensity  

Turbulence intensity (Iu) is a measure of the wind turbulence. It is defined as the standard 
deviation of wind speed over the mean wind velocity. Turbulence intensity decreases with 
increasing wind speed but the wind in an urban environment will typically have values of 
turbulence intensity ranging from 20% to 30%. In this section, the effect of Iu on the 
performance of a VAWT is examined using CFD. Computational results based on a commercial 
CFD code (Star CCM+) using full URANS calculations of the turbine are performed. To 
demonstrate the accuracy of the approach wind tunnel results are reproduced numerically. A 
two-bladed H-type Darrieus turbine of diameter 0.5 m and swept area of 0.4 m2 is simulated. 
The two NACA0018 blades rotate at angular speeds of 1200 rpm. The free stream wind speed 
is 10 m/s. The details of the computational methodology are reported in [6]. Numerical values of 
the power coefficient are compared with experimental measurements from [2] as shown in 
Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Cp comparison between CFD results and experimental measurements of Molina et al. [2] for 
a small 0.5 m diameter turbine 

 

The Figure 1 shows a good comparison for both values of the turbulent intensity of the flow. At 
Iu=9.2% the highest numerical Cp values of 0.187 is very close to the experimental value of 
0.185. At Iu=14.8%, the numerical Cp values of 0.196 is a little less than the experimental value 
of 0.203, nevertheless the overall trend is well captured. Note that the higher turbulent intensity 
Iu=14.8% leads to an increase in Cp of 4.8%. We now perform the same simulation for different 
values of Iu ranging from 0.7% to 40%. Table 1 provides the numerical Cp values for each 
simulation at different Iu values. We can see a significant increase in the value of Cp from 0.175 
at Iu=0.7% to Cp=0.222 at Iu=20%. This increase in Cp is about 27%, which is quite significant. 
However, the Cp does not increase for Iu values larger than 20% as shown in Table 1. 
 
                                        Table 1: The obtained Power coefficient against different intensity levels 
 

Turbulence Intensity (%) 0.7 9.2 14.8 20 30 40 

Power Coefficient (Cp) 0.175 0.177 0.192 0.222 0.229 0.230 
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We now investigate a larger turbine. The large turbine also has two NACA 0018 blades but the 
rotor diameter is 35 m. The swept area of this turbine is 850.5 m2. Note that much of the literature 
is only addressing small turbines which are often less performant. Figure 2 reports the CFD results 
for the Fine Mesh (20 million elements) and Medium Mesh (15 million elements) as well as field 
measurements data. First, note that the Cp for this turbine reaches 0.33, which is higher than for 
smaller turbines. Note also the importance of the mesh size. The Medium Mesh is not able to 
capture the correct Cp at low Tip Speed Ratios (TSR). Therefore, the Fine Mesh is used to study 
the effect of the turbulence intensity on this large turbine. Figure 3 reports that the same Cp is 
obtained for three different turbulent intensity ranging from Iu = 1%, 15% and 30%. This work does 
show that small turbines can benefit from an increase in turbulence intensity but not large turbines. 
Indeed, the Cp can increase by as much as 20% but large turbines do not see any effect of the 
turbulence intensity. 
 
 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Cp comparison between CFD and experimental data [3] for a large turbine 35 m diameter 
turbine 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Effect of the turbulence intensity on the Cp of a large turbine 
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3. Effect of blade morphing 

The blade of a VAWT has a significant effect on the performance of the turbine. As the turbine 
rotates the angle of attach of each blade changes. If this angle reaches a large value, dynamic 
stall of the blade can occur which creates a large change of the forces on the blade. One 
interesting techniques to control the dynamic stall situation is to change the blade geometry by 
changing its camber. The overall benefit is that the performance of the turbine is improved. 
Robust and well controlled morphing airfoils have been designed. In particular, Pankonien et al. 
[7] have designed an airfoil mechanism that controls the trailing edge as shown in Figure 4. The 
baseline shape is a NACA 0012 airfoil. The inward shape is the trailing edge flexed with a 
deflection of 13.4 degrees. 
 

Fig. 4. The Synergetic Smart Morphing Aileron (SSMA) designed by Pankonien et al [7]; top) 
baseline shape, bottom) inward shape 

 
A numerical simulation of a turbine with a single blade is performed to calculate the Power 
Coefficient. Details of the simulation are reported in [8]. The blade rotates at 90 RPM at TSR 3.17. 
The turbine has a rotor diameter of 5.395 m and the wind speed velocity is 8 m/s. A two 
dimensional simulation with a mesh of 416 000 elements with a time step of 2.222E-4 s equivalent 
to 3000 time steps per rotation is performed. The Cp for this baseline case is reported in Figure 5 
as the solid line. The average Cp after 15 cycles is 0.096. When the blade is in the first quadrant, 
the Cp increase and as it reaches the 80 degrees azimuthal angle it start falling. In the second 
quadrant, which in Figure 5 is identified as a blue dash lined box, the Cp is negative and 
undergoes many fluctuations as vortices are shed over the blade. In quadrant 3 and 4, the Cp is 
smooth with maximum values around 270 degrees. For this specific case, it is suggested to morph 
the blade to control the complex flow which may be due to dynamics stall that occurs in the second 
quadrant. Therefore, a simple morphing strategy is investigated such as to only morph the blade 
very rapidly at the start of the second quadrant and keep its inward shape until the azimuthal angle 
of 180 degree, which is the end of the quadrant. The resulting Cp which is reported as the dashed 
line in Figure 5 shows two spikes, one upward at 90 degrees and one downward at 180 degrees. 
The spikes are related to the morphing motion. The first is when the blade changes from the 
baseline to the inward shape and the second is when the shape is changed back to the baseline 
position. Once the inward shape is fixed during the second quadrant, we can see from the Cp 
curve that only small vortices are shed. The Cp is only slightly negative. The performance of the 
turbine in this quadrant is significantly improved. The average Cp for the entire cycle is also 
increase to 0.14 due to this approach. This represents a 46% increase, which demonstrated the 
high benefit of a morphing approach. Table 2 reports the average CP for both cases. 
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Fig. 5. Power Coefficient versus azimuthal angle for a turbine with the baseline blade and the 
morphing blade 

 
                                      Table 2: Average Cp values for baseline and morphed cases 
 

Case Cp 

Baseline 0.096 

Morphed case 0.140 

4. Effect of building size 

The study in section 2 indicates that small turbines, which are interesting for urban applications, 
would benefit from the high turbulence intensity in urban areas. But the best location to place a 
vertical axis wind turbine on a single building is not yet fully identified. It is well known that the wind 
flow over a single building offers some locations where the wind accelerates considerably, 
providing a greater potential for energy extraction by a wind turbine. Nevertheless, Drew et al. [9] 
reported that 38 building-mounted wind turbines in the UK performed below expectations during 
field tests. The study found that the wind speed data used for assessing these small wind turbines' 
performance was obtained from low-resolution wind speed databases that do not accurately reflect 
the local changes in wind resources. Thus, it is clear that a need to understand the different effects 
of wind flows disturbed by buildings on roof-mounted wind turbines’ performance is required to 
have the turbines perform adequately. Herein, CFD analysis is performed on a roof-mounted 
VAWT. 
It was shown that placement of a VAWT on the side of a building can led to a 120% increase of the 
Power Coefficient compared with the reference value [10]. Numerical and experimental analysis  in 
[11] also show that the performance of a Savonius turbine placed above a small 5 m high structure 
increases the performance by 60%. Furthermore, investigating the placement on a 30 m cubic 
building, a new design, based on drag type blades with 120-degree arcs, led to a Cp of 0.25, which 
was significantly better than the original Savonius turbine but remained quite modest [12]. On the 
same building configuration, the placement of a Darrieus turbine in the middle of the roof edge 
facing the wind gave a max Cp of 0.40 [13]. By varying the placement of this turbine on the same 
building for different wind direction, the best result was a Cp of 0.54 [14]. In this section, we 
investigate an H-type Darrieus placed on the frontal windward corner, the corner facing the wind as 
shown in Figure 6.  
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Fig. 6. Placement of a small VAWT on the corner of the building when the wind is facing this corner 
 
It is clear that the building has an enormous influence on the flow speed, which requires dedicated 
analysis. The size of the building also has a significant effect on the performance of the turbine.  
We perform CFD simulations using STAR CCM+ to understand the effect of the building size. To 
do so, a two-bladed H-type VAWT is used with the turbine’s diameter (D) and height (H) of 1 m, 
which provides an aspect ratio (H/D) of 1. The NACA 0018 airfoil section is used for the blades 
with the chord size (c) of 0.06 meters. This geometry gives the turbine's solidity (σ=nc/D, where n 
is the number of blades) equal to 0.12. Simulations have been done for three different building 
heights: 100 ft (30.48 m), 200 ft (60.96 m), and 300 ft (91.44 m). To eliminate the reverse flow 
effect, the computational domain has the building placed at a 5H distance from the inlet, 10H from 
the outlet, 5H from the sides, and 10H at the top, where H is the height of the building. The velocity 
inlet and pressure outlet boundary conditions have been used for the inlet and outlet faces of the 
domain, respectively. The wall boundary condition is used for the ground and surfaces of the 
building, and the symmetry boundary condition is used for the other boundaries. In this study, the 
turbine is placed on the roof-top corner of the building. The distance between the roof and the 
bottom of the turbine is 1.8 meters. To change the value of the Tip Speed Ratio (TSR=Rω/U∞ , 
where R is the turbine radius and ω is the angular velocity of the turbine) in this study, the angular 
velocity is changed. 
Since the wind turbine operates in the atmospheric boundary layer, a velocity profile is defined for 
the inlet boundary to account for this effect. In this profile, the wind velocity is a function of the 
height of the building, defined as follows: 
 

VZ=Vmid(Z/Ht)
0.31

 (1) 
 

In this equation, Vmid is referred to the wind velocity at the middle plane of the turbine, Z is the 
height from the ground, and Ht is the height from the ground to the center plane of the turbine. The 
inlet velocity profile describing the atmospheric boundary layer is depicted in Figure 7—this velocity 
profile is used firstly for the building height of 100 ft. Therefore, the Vmid was considered as 9.3 m/s. 
Moreover, the same velocity profile is used for the taller buildings, i.e., 200 ft and 300 ft. 
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Fig. 7. Velocity profile showing the atmospheric boundary layer 
 
To solve the equations of motion and capture all flow field features, a commercial CFD solver 
named STAR CCM+ is used. The SIMPLE algorithm (Semi-Implicit Method for Pressure Linked 
Equations) is utilized to couple the pressure-velocity equations. For the convection term, a second- 
order upwind scheme is used. In this study, a time step that is equal to 0.48° rotation of the blade 
per time step was used. Simulations continued until the moment coefficient, and the power 
coefficient became stable. The stability here is defined as less than 1% changes in the power 
coefficient in two consecutive rotations of the VAWT. 
Figure 8 shows the moment coefficient (CM) for the building height of 100 ft at a TSR of 5, where 
the max power is attained. This Figure depicts 16 rotations of the VAWT, where it has been stable 
at the 10th rotation. Moreover, Figure 9 compares the CM of the turbine for different building heights 
at the TSR values that the maximum power is obtained. For comparison, one rotation of each 
turbine is shown at the rotation number when the results have been their stable state. This figure 
shows the 15th rotation of the VAWT for the 100ft building height. However, since the velocity is 
increased for higher buildings and the time step is decreased for them due to the higher rotational 
velocity in which the maximum power occurs, the 15th rotation does not have the same time for 
taller buildings. This graph shows that the highest value of the moment coefficient is higher for 
taller buildings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Moment coefficient for the 100 ft height building at the TSR of 5 in which the maximum power for this 
building is obtained 

Moment Coefficient 

0.5 
 
0.4 
 
0.3 
 
0.2 
 
0.1 
 

0 

0 0.2 0.4 0.6 0.8 1 1.2 
-0.1 
 

-0.2 
Number of Rotations 

M
o
m

e
n
t 
C

o
e
ff

ic
ie

n
t 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2022 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 9-10, Băile Govora, Romania 

 

 
18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 9. Comparison of the instantaneous moment coefficient for different building heights at the TSR values 
for which the maximum power is generated 

 
Figure 10 shows the power coefficient for different building heights at varying values of TSR. It 
shows that the maximum Cp is increased for taller buildings, while the maximum Cp occurs at 
lower TSR values for taller buildings. It is important to mention that since the velocity is increased 
for taller buildings, the values of TSR are decreased. However, the maximum Cp is obtained at 
higher rotational velocities for taller buildings. The Cp is increased from 0.426 for the turbine on 
placed on the building of height 100 ft to 0.578 for the turbine installed on the building of height  
300 ft. This increase is significant and improves the performance of the turbine by 36%. 
Table 3 shows the maximum power values for different building heights. The following equation is 
used to calculate power. 
 

PTurbine= CP 0.5ρASU∞
3
 (2) 

 

where ρ is the air density, U∞ is the free stream velocity, and AS is the swept area equal to the 
turbine diameter multiplied by the blade span. Since the power is proportional to the velocity 
cubed, taller buildings can generate more power due to the higher velocity on the roof-top and 
higher Cp values. This table shows that the maximum power for the 200 ft building is increased by 
134% in comparison to the 100 ft building height results. On the other hand, the maximum power 
for the 300 ft building is increased by 260% and 54% in comparison to the 100 ft and 200 ft 
building height results, respectively. The increment rate of power from 100 ft to the 200 ft building 
height is 282 W, which is almost the same as the 266 W from 200 ft to 300 ft building height. It 
shows that although the building height increased equally, the power increment just slightly 
decreases. 
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Fig. 10. Power coefficient (CP) for different building heights to varying values of TSR 
 

        Table 3: Maximum power generated for different building heights 

Building Height (ft) TSR value for maximum power Maximum Power 
(W) 

100 5 210 

200 4.89 492 

300 4.69 758 

5. Conclusions  

This paper presents CFD investigations related to unsteady simulations of vertical axis wind 
turbines. The analysis is focused on evaluating the effect on the performance of the turbine for 
three different cases. In the first case, we show that the turbulence intensity can increase the Cp 
about 27% for small turbines. In the second case, we illustrate that a morphing blade can increase 
the Cp by 46%. In the third case, we show that when placing of a small turbine on the frontal 
windward corner the Cp of that turbine is increased by 80% compared to the baseline case without 
a building. These studies show that the Cp can reach high values and can lead to very performant 
VAWTs, in particular for urban installation.  
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Abstract: This paper presents the results obtained from a project that had as main objective to improve the 
tribological characteristics of biomedical components in order to increase their lifetime. A solution for optimizing 
the constructive characteristics and increasing the operational duration for orthopaedic implants components 
is the deposition of micro and nanostructured thin films through intelligent mechatronic processes and 
technologies. TiO2, TiN and CrN thin films with thicknesses of 0.5 μm, 1 μm and 1.5 μm were deposited by 
Direct Current (DC) sputtering, High Power Impulse Magnetron Sputtering (HiPIMS) and cathodic arc, on two 
types of substrates: CoCr and M30NW steel. The variation of the friction coefficient as a function of time and 
the wear traces profiles for all samples in each type of thin film were analysed. Following the tribological 
characterization, and the comparative analysis of the experimental results, information regarding the quality of 
the deposited material and the degree of influence of thin films thickness were obtained. The main conclusion 
of the study was that the friction coefficient and the wear rate decrease with an increase of the layer thickness. 
This means that a thicker layer will be more sustainable and can be used to improve the quality of biomedical 
components, like hip prostheses. 

Keywords: Thin films, tribological characterization, friction coefficient, wear rate, implants 

1. Introduction   

Substantially improving the quality of life of patients with severe motor disabilities by using partial or 
total arthroplasty is an important topic of current research in the field of materials engineering and 
biotribology. [1] This because, over time, the movement of the body causes the wear of the material, 
loose of fixation and destruction of the implant, most failures occurring due to improper properties or 
incorrect choice of materials. [2] 
Deposition of micro and nanostructured thin films on the biomedical metallic implants and their 
components, is a solution for reducing the wear rate and increasing the operational time without 
changing the surface geometry. [3, 4, 5] Generally, coatings applied for improving the implants 
resistance must have a high adhesion to the substrate and a low friction coefficient to prevent 
detachment from the substrate, overheating and accelerated wear. Presently, there are studies 
regarding the use of nitride-based compounds [6], amorphous carbon [7], calcium-phosphate [8], 
diamond-like carbon [9] as coatings for increasing the implants resistance. 
Based on this information and with the aim to improve the technical and functional properties of 
implants, micro- and nanostructured thin films with various thicknesses, deposited on materials with 
high mechanical strength and low wear, currently used in orthopaedics, were tested and analysed 
in the present project.  
Tribological tests were performed to determine the friction coefficient and the wear rate of these 
micro-nanostructured thin films and the dependence on the thickness was assessed by 
characterization and comparative analysis of the experimental results. 
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2. Experiments  

2.1 Preparation of the samples 

In this study, materials with an increased wear resistance were tested and analysed in order to 
determine their capability to improve the tribological properties of biomedical components. Thus, thin 
layers of TiN, CrN si TiO2 were deposited on substrates with a composition similar to the prostheses 
one, respectively CoCr and M30NW steel substrates [10, 11]. Studying nitrides and oxides with 
antimicrobial properties, it is possible to determine which of these have an increased resistance and 
will be more efficient for biomedical components.  
Thin films were deposited on substrate disks of 8 mm thick and 10 mm in diameter. CoCr samples 
disks had been produced by 3D printing technique, using a laser metal sintering prototyping 
equipment – the Shining 3D EP M250 3D Printer (Fig. 1) – from the Research Centre for Intelligent 
Mechatronic Systems used for Securing Objectives and Intervention – CERMISO of INCDMTM. [12] 
 

 

Fig. 1. Shining 3D EP M250 3D Printer 

 

M30NW steel samples disks had been produced by mechanical processing techniques, respectively 
machining from M30NW steel bars, using the MECATOME T202 micro-cutting machine and 
polishing by using the MECATECH SPI machine. [12] 

2.2 Thin films deposition 

Micro and nanostructured biocompatible thin films were deposited on CoCr and M30NW steel 
substrates by physical techniques. TiO2, TiN and CrN layers with thicknesses of 0.5 μm, 1 μm and 
1.5 μm were deposited by Direct Current (DC) sputtering, High Power Impulse Magnetron Sputtering 
(HiPIMS) and cathodic arc techniques.  
Cathodic arc is a technique in which the material from a cathodic target is vaporized, in vacuum, 
using an electric arc, then condenses on the substrate, forming thin film. [13] 
Sputter deposition is based on ion bombardment of a source material, the target, where ion 
bombardment results in a vapor due to a purely physical process, i.e., the sputtering of the target 
material. DC sputtering is a deposition technique where a target material is bombarded with ionized 
gas molecules that hit the target, sputtering off the atoms into the plasma. The vaporized atoms 
condense, forming a thin film on a substrate. [14] 
HiPIMS uses the magnetic field created inside a deposition system. Increased plasma densities are 
created near the target, which increase the spraying rate. [15] 
The deposition of thin layers by cathodic arc, DC sputtering and HiPIMS was performed at SC MGM 
Star Construct SRL using two equipment: a DC and HiPIMS equipment Leybiold Z-550-S and a 
Cathodic-Arc UVN-MGM equipment. [12]. Cathodic arc deposition was performed using a power Wt 
= 1000, Current = 40 A, Voltage = 24-26 V and Pressure = 4x10(-1) Pa. For thin films deposition by 
using the HiPIMS and DC sputtering methods the technological parameters were: power, Wt = 1000, 
BIAS = 100 V and pressure = 10(-3) mbar. 
Deposition processes were performed over a period of 5, 10 and 15 minutes to obtain layers of CrN, 
TiN and TiO2 with thicknesses of 0.5 μm, 1 μm, and 1.5 μm on CoCr substrate and biocompatible 
M30NW steel substrate.  
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2.3 Tribological tests  

Tribological tests were performed at National Institute for Research and Development in 
Optoelectronics (INOE 2000) with the aim to determine the friction coefficient and wear rate of the 
biocompatible thin films deposited.  
The TriboLab UMT Bruker ball on disc tribometer for universal mechanical and tribological testing 
was used to perform these tribological tests (Fig. 2). The main types of measurements involve 
parameters like resistance to breaking, bending and scratching, and offer the possibility of measuring 
very low friction forces. 
 

 

Fig. 2. Ball on disc tribometer 

 
The variation of the friction coefficient as a function of time was determined applying a pressure force 
of 0.7N, on a sliding distance of 7,9m (300 cycles), during 80sec, with a speed of 10cm/s. The wear 
traces profiles were analysed using a Dektak 150 electro-mechanical probe profilometer, performing 
the tests on a scanning length of 1000 μm and applying a contact force of 49 μN.   

3. Results       

3.1 Thin films  

Using the deposition systems with the technological parameters presented, TiO2, TiN and CrN thin 
films were obtained, with thicknesses of 0.5 μm, 1 μm and 1.5 μm, deposited on CoCr and M30NW 
steel substrates (Fig. 3).  
 

 
0.5 μm TiO2 deposited on 

M30NW steel by DC sputtering 

 
1 μm CrN deposited on CoCr by 

DC sputtering 

 
1.5 μm TiN deposited on CoCr by 

DC sputtering 

Fig. 3. Thin films deposited on CoCr and M30NW steel substrates by cathodic arc, DC sputtering and 
HiPIMS 

 

3.2 Tribological tests   

Following the tribological tests, the average value of the friction coefficient μ and the average value 
of the wear rates k were obtained. The variation of the friction coefficient as a function of time (Table 
2) was also obtained for all samples from each type of layer (respectively each layer thickness). The 
wear traces profiles (Table 3, Table 4) were obtained for each type of deposition (respectively each 
layer thickness). 
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                                                                   Table 2: Variation of the friction coefficient as a function of time 

   
CoCr_CrN CoCr_TiO2 CoCr_TiN 

   
Ot_CrN Ot _TiO2 Ot _TiN 

 
                                                  Table 3: Wear traces profiles of the thin films deposited on CoCr substrate   

 
CoCr 

   
CrN - DC 0.5 CrN - DC 1 CrN - DC 1.5 

   
TiO2 - AC 0.5 TiO2 - AC 1 TiO2 - AC 1.5 
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TiN - HIP 0.5 TiN - HIP 1 TiN - HIP 1.5 

 
                                      Table 4: Wear traces profiles of the thin films deposited on M30NW steel substrate  

 
M30NW steel  

   
CrN - HIP 0.5 CrN - HIP 1 CrN - HIP 1.5 

   
TiO2 - DC 0.5 TiO2 - DC 1 TiO2 - DC 1.5 

   
TiN - AC 0.5 TiN - AC 1 TiN - AC 1.5 
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Among the curves obtained, those with smaller errors were selected (presented grouped in the 
graph) to calculate the average values of the friction coefficient μ and of the wear rate k.  
The friction coefficient and the wear rate of the deposited thin layers were analysed from the 
influence of the layer thickness and the deposition method point of view. 
 
Friction coefficient µ – the influence of the thin films’ thickness. The friction coefficient of the 
TiN layers deposited on the two types of substrates (Fig. 4) had a small variation, oscillating with the 
increase of the layer thickness (between 0.5 and 1.5 µm), having values between 0.132 and 0.649. 
The TiN layer with a thickness of 0.5 μm, deposited on the CoCr substrate by cathodic arc, has a 
maximum value of the friction coefficient. As the thickness of this layer increases, the value of the 
friction coefficient decreases. Increasing the layer’s thickness from 1 μm to 1.5 μm also leads to a 
decrease of the friction coefficient when DC sputtering deposition method is used. However, the 
friction coefficient increases with the increase of the thickness, when the HiP sputtering method is 
used. 
Regarding the friction coefficient of this layer when it is deposited on the M30NW steel substrate, 
although its values fall within a smaller range (0.504 and 0.593), there is a much more oscillating 
variation for the layers deposited by all the three methods. The TiN layer deposited by DC sputtering 
is the only one that shows a decrease of friction coefficient as the thickness increases. In the case 
of the other two layers, an increase of friction coefficient is observed as the layer thickness increases. 
If a uniform variation is taken into account, the increase of the friction coefficient also occurs 
proportionally to the increase of the thickness. 

 

 
(a) 

 
(b) 

Fig. 4. Variation of the friction coefficient depending on the thickness of the TiN thin films deposited on CoCr 
substrate (a) and M30NW steel substrate (b) 

 
The friction coefficient of the TiO2 layers deposited on the CoCr substrate (Fig. 5) had a uniform 
increase with the increase of the layer thickness (between 0.5 and 1 µm) and a decrease with the 
increase of the layer thickness up to 1.5 µm. 
In the case of TiO2 layers deposited on M30NW steel substrate, it was observed that as the layer 
thickness increases from 0.5 μm to 1.5 μm, there is a decrease in the friction coefficient of the layers 
deposited using the cathodic arc and DC sputtering methods. The decrease in the value of the friction 
coefficient occurs with the increase of the layer thickness from 1 μm to 1.5 μm when using the HiP 
sputtering method. 
 
The friction coefficient of CrN layers deposited on both types of substrates (Fig. 6) had different 
variations with the increase of the thickness in both cases. Thus, increasing the thickness of the CrN 
layer deposited on the CoCr substrate led to a decrease of friction coefficient when both deposition 
methods were used. In the case of the layer deposited on M30NW steel, friction coefficient 
decreases as the layer thickness increases when the DC sputtering method is used. The value of 
the friction coefficient increases for the layer deposited by HiP sputtering once the layer thickness 
increases up to 1.5 μm. 
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(a) 

 
(b) 

Fig. 5. Variation of the friction coefficient depending on the thickness of the TiO2 thin films deposited on 
CoCr substrate (a) and M30NW steel substrate (b). 

 

 
(a) 

 
(b) 

Fig. 6. Variation of the friction coefficient depending on the thickness of the CrN thin films deposited on CoCr 
substrate (a) and M30NW steel substrate (b). 

 
Wear rate k – the influence of the thin films’ thickness. The wear rate of the deposited TiN layers 
(Fig. 7) had an uneven variation as the thickness increased (between 0.5 and 1.5 µm) for both types 
of substrates, the values being between 207*10-6m3N-1m-1 and 3510*10-6m3N-1m-1. The 1 μm thick 
TiN layer, deposited on the CoCr substrate by DC sputtering, has a maximum wear rate value. Once 
the thickness of this layer increases to 1.5 μm, the value of the wear rate decreases, being an 
important result in the use of this material, demonstrating the increased resistance to wear. The wear 
rate of the TiN layers deposited by the other two methods had an oscillatory increase depending on 
the layer thickness. 
The TiN layers deposited on the M30NW steel substrate using all 3 deposition methods showed a 
wear rate with a completely uneven variation once the thickness increased from 0.5 to 1.5 µm. The 
TiN layer with a thickness of 1 μm, deposited on M30NW steel substrate by cathodic arc, has a 
maximum value of the wear rate. Once the layer thickness increases from 1 μm to 1.5 μm, the value 
of the wear rate decreases when the cathodic arc and HiP sputtering methods were used. Taking 
into account a uniform average variation, there is a decrease of the wear rate proportional to the 
increase of the layers thickness between 0.5 and 1.5 µm, when using the cathodic arc method and 
the HiP sputtering method. In the case of the layer deposited by DC sputtering, the decrease of the 
wear rate occurs only up to a layer thickness of 1 μm, the 0.5 μm thicker layer showing an increase 
of the wear rate value. 
 
The wear rate of the TiO2 layers deposited on CoCr and M30NW steel substrates (Fig. 8) also had 
an uneven variation with the increase of thickness (between 0.5 and 1.5 µm) for all the three methods 
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used, the values being between 62*10-6m3N-1m-1 and 3510*10-6m3N-1m-1. The 0.5 μm thick TiO2 
layer, deposited on the CoCr substrate by DC sputtering, has a maximum wear rate value. 
 

 
(a) 

 
(b) 

Fig. 7. Variation of the wear rate depending on the thickness of the TiN thin film deposited on CoCr substrate 
(a) and M30NW steel substrate (b). 

 
Once the layer thickness increases from 0.5 μm to 1.5 μm, the wear rate value decreases when the 
DC sputtering and HiP sputtering methods were used. The TiO2 layer deposited on the CoCr 
substrate by cathodic arc has an increase of the wear rate with the increase of the layer thickness 
between 0.5 and 1 μm, followed by a decrease with the increase of the thickness up to 1.5 μm. 
Taking into account a uniform average variation, there is an increase of the wear rate proportional 
to the increase of the layers thickness, when the cathodic arc method is used.  
The wear rate of the TiO2 layers deposited on the M30NW steel substrate also had an uneven 
variation with the increase in thickness (between 0.5 and 1.5 µm) for all three methods used. The 
TiO2 layer with a thickness of 1 μm, deposited on M30NW steel substrate by cathodic arc, has a 
maximum wear rate value. Once the layer thickness increases from 1 μm to 1.5 μm, the value of the 
wear rate decreases when the cathodic arc and HiP sputtering methods were used. The TiO2 layer 
deposited on the M30NW steel substrate by DC sputtering shows a decrease in the wear rate as the 
layer thickness increases between 0.5 and 1 μm, followed by an increase as the layer thickness 
increases up to 1.5 μm. Taking into account a uniform average variation, all three deposited layers 
show a decrease in the wear rate proportional to the increase of the deposited layers thickness. 
These results show that the TiO2 layers deposited on the M30NW steel substrate present an increase 
of the wear resistance as their thickness increases. 
 

 
(a) 

 
(b) 

Fig. 8. Variation of the wear rate depending on the thickness of the TiO2 thin film deposited on CoCr 
substrate (a) and M30NW steel substrate (b). 

 
The wear rate of the CrN layers deposited on the two types of substrates (Fig. 9) had uneven 
variations, the values being between 119*10-6m3N-1m-1 and 1750*10-6m3N-1m-1, depending on the 
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thickness. On the CoCr substrate, the wear rate had an uneven variation once the thickness 
increased (between 0.5 and 1.5 µm), the CrN layer with a thickness of 1 µm, deposited on the 
substrate by DC sputtering, having the maximum value of the wear rate. The wear rate of this layer 
shows an increase with the increase of the layer thickness up to 1 μm, followed by a decrease with 
the increase of the layer thickness up to 1.5 μm. The value of the wear rate of the CrN layer deposited 
by HiP sputtering has an oscillatory variation with the increase of the layer thickness between 0.5 
and 1.5 μm. Taking into account a uniform average variation, the layer deposited by HiP sputtering 
has an increase in the value of the wear rate. 
The wear rate value of the CrN layers deposited on the M30NW steel substrate decreases 
proportionally with the increase in thickness (between 0.5 and 1.5 µm) for the two methods used. 
These results show that the CrN layers deposited on the M30NW steel substrate show an increase 
in wear resistance as their thickness increases. 
 

 
(a) 

 
(b) 

Fig. 9. Variation of the wear rate depending on the thickness of the CrN thin film deposited on CoCr 
substrate (a) and M30NW steel substrate (b) 

 
For a comparative analysis of the obtained results and to determine the layers with the best 
tribological characteristics, the lowest values of the friction coefficient and of the wear rate were 
selected for each layer deposited on the two types of substrates used. (Table 5, Table 6) 
 
Table 5: Comparative analysis of the parameters of the TiN, TiO2 and CrN layers deposited on the 
CoCr substrate obtained after tribological tests. (The minimum values of the friction coefficient and 
of the wear rate. The comparison according to the material is marked with red, and the one according 
to the method is marked with blue). 

Material 
Layer 

thickness 

Deposition method 

DC sputtering HiP sputtering Cathodic arc 

Friction 
coefficient 

Wear rate 
Friction 

coefficient 
Wear rate 

Friction 
coefficient 

Wear rate 

TiN 

500 nm 0.512 1074 0.567 285 0.593 204 

1 μm 0.561 1303 0.588 288 0.522 789 

1.5 μm 0.550 710 0.649 795 0.512/met 791 

TiO2 

500 nm 0.436 1253 0.372/met 40/849 0.452 370 

1 μm 0.550 1106 0.636 802 0.628 496/ 789 

1.5 μm 0.512/0.129 105/met 0.508 173/630 0.660 392/ 545 

CrN 

500 nm 0.561 127/749 0.707 849   

1 μm 0.605 932 0.470 150/169   

1.5 μm 0.496 119 0.576 795   
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Table 6: Comparative analysis of the parameters of the TiN, TiO2 and CrN layers deposited on the M30NW 
steel substrate obtained after tribological tests. (The minimum values of the friction coefficient and of the wear 
rate. The comparison according to the material is marked with red, and the one according to the method is 
marked with blue). 

Material 
Layer 

thickness 

Deposition method 

DC sputtering HiP sputtering Cathodic arc 

Friction 
coefficient 

Wear rate 
Friction 

coefficient 
Wear rate 

Friction 
coefficient 

Wear rate 

TiN 

500 nm 0.586 207 0.568 250 0.564 892 

1 μm 0.565 158 0.47/met 1126 0.582 3510 

1.5 μm 0.536 631 0.568 463 0.593 441 

TiO2 

500 nm 0.518 590 0.507 112/772 0.556 627/1142 

1 μm 0.196/met 62 0.541 305/1126 0.477 952/3510 

1.5 μm 0.324 450 0.532 842 0.522 1161 

CrN 

500 nm 0.564 779 0.572 470   

1 μm 0.587 484 0.564 803   

1.5 μm 0.384 290/315 0.667 222/290   

 
Following the analysis of these values and comparisons, the following results were obtained. 
TiN deposited on CoCr substrate 
- The layer with the lowest friction coefficient is the one with a thickness of 1.5 μm deposited by 
cathodic arc, respectively the layer of 0.5 μm deposited by DC sputtering; 
- The layer with the lowest wear rate is the one with a thickness of 1.5 μm deposited by DC sputtering. 
From a tribological point of view, the TiN layer with a thickness of 1.5 μm deposited on a CoCr 
substrate by the cathodic arc method has superior properties. 
TiO2 deposited on CoCr substrate 
- The layer with the lowest friction coefficient is the one with a thickness of 1.5 μm deposited by DC 
sputtering; 
- The layer with the lowest wear rate is the one with a thickness of 1.5 μm deposited by DC sputtering. 
From a tribological point of view, the TiO2 layer with a thickness of 1.5 μm deposited on a CoCr 
substrate by the DC sputtering method has superior properties. 
CrN deposited on CoCr substrate 
- The layer with the lowest friction coefficient is the one with a thickness of 1 μm deposited by HiP 
sputtering, respectively 1.5 μm deposited by DC sputtering; 
- The layer with the lowest wear rate is the one with a thickness of 1.5 μm deposited by DC sputtering. 
From a tribological point of view, CrN layers with a thickness of 1 μm deposited by HiP sputtering, 
respectively 1.5 μm deposited by DC sputtering on a CoCr substrate have superior properties. 
Considering these results, the main conclusion is that on the CoCr substrate, the TiN layer with a 
thickness of 1.5 μm deposited by the cathodic arc method, TiO2 layer and CrN layer, both with a 
thickness of 1.5 μm deposited by DC sputtering method, have superior properties and are useful for 
continuing studies on real systems. 
 
TiN deposited on M30NW steel substrate 
- The layer with the lowest friction coefficient is the one with a thickness of 1.5 μm deposited by HiP 
sputtering; 
- The layer with the lowest wear rate is the one with a thickness of 1.5 μm deposited by DC sputtering. 
From a tribological point of view, the TiN layer with a thickness of 1.5 μm deposited on M30NW steel 
substrate by HiP sputtering, respectively DC sputtering has superior properties. 
TiO2 deposited on M30NW steel substrate 
- The layer with the lowest friction coefficient is the one with a thickness of 1.5 μm deposited by DC 
sputtering; 
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- The layer with the lowest wear rate is the one with a thickness of 1.5 μm deposited by DC sputtering. 
From a tribological point of view, the TiO2 layer with a thickness of 1.5 μm deposited on M30NW 
steel substrate by the DC sputtering method has superior properties. 
CrN deposited on M30NW steel substrate 
- The layer with the lowest friction coefficient is the one with a thickness of 1.5 μm deposited by DC 
sputtering; 
- The layer with the lowest wear rate is the one with a thickness of 1.5 μm deposited by DC sputtering, 
respectively the layer with a thickness of 1.5 μm deposited by HiP sputtering. 
From a tribological point of view, CrN layers with a thickness of 1.5 μm deposited by DC sputtering, 
respectively HiP sputtering on M30NW steel substrate have superior properties. 
Considering these results, the main conclusion is that on the M30NW steel substrate, the TiN layer, 
TiO2 layer and CrN layer with a thickness of 1.5 μm deposited by DC sputtering method, have 
superior properties and are useful for continuing studies on real systems. 

4. Conclusions 

The tribological characterization of tree types of thin films deposited on two types of biocompatible 
substrates were realized in order to determine and analyse important parameters, like friction 
coefficient and wear rate. In this way it was possible to determine which is the most resistant 
substrate material – deposited material couple.  
The 1.5 μm thick TiN layer − deposited on the CoCr and M30NW steel substrates – has displayed 
superior tribological parameters when using the cathodic arc deposition method. The superior quality 
of the TiO2 layer deposited by DC sputtering on both types of substrates was demonstrated by the 
analyses performed. The 1.5 μm thick CrN layer exhibited superior tribological characteristics when 
deposited on both substrate types using DC sputtering.  
The main conclusion of the study was that thin layers of TiN, TiO2, and CrN, with a thickness of 1,5 
μm, deposited on CoCr and M30NW substrates, had superior tribological characteristics. This means 
that a thicker layer will be more sustainable and can be used to improve the quality of biomedical 
components, like hip prostheses.  
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Abstract: In this paper the author proposed some indicators for performance evaluation in dynamic steady of 
working time in the case of heavy machines. Thus, it was monitored the hydraulic parameters of a wheel loader 
knowing it’s as a machine with an intense and varied working regime characterized by over-pressurization 
occurred because of excessive loads that appear when execution different tasks during technological cycle on 
construction site. Based on hydraulic parameters, it were evaluated engine power required for loading phase 
and, taking into account by the performance indicators, the supplementary power needed for task execution. 

Keywords: Loader, hydraulic system, power, performance, indicators 

1. Introduction  

In the last years, a large number of performance indicators has been introduced to measure the 
quality of products from different fields of industry. In particular, in this paper, about quality evaluation 
of construction machines are addressed. A method has been proposed to use an algorithm for 
operational performance evaluation of wheel loader. In the first step, we need to identify which 
parameter is being analyzed to define level of machine performance. Literature references indicate 
the state of knowledge about this aspect and some case studies are developed around the analysis 
of following parameters: energy consumption, power needed, pressure into the hydraulic circuit, 
engine torque or resistant forces developed at working tool etc. The novelty of the study presented 
in this paper consists in developing the set of indicators in order to measure the performance as 
dynamically state condition from a wheel loader.  

2. Power monitoring   

The engine power of a wheel loader is generally diverted to the transmission system, the hydraulic 
system, and accessories. The hydraulic power and the drivetrain power are the two largest power 
consumers in the wheel loader, because both systems act together when the machine work into the 
pile. According to engineering experience [1], we have reduced the auxiliary power being around 
10% from total engine power. The way the power is distributed between hydraulics and drivetrain 
depends on how much power is requested from the different systems. Working phases involve the 
complex interaction of the loader power train, hydraulics, implement linkage, and steering system. 
Machine behavior is a function of these systems and their interactions and how the operator uses 
them. It is difficult to determine how a change in an individual system can affect the overall machine 
performance [2]. These interactions are highly nonlinear and dynamic, making them difficult to 
understand completely. The hydraulic drives have many factors that affect the power losses and for 
performance improvement the modern wheel loaders use load sense hydraulics instead of the open-
center hydraulic system. In addition, for hydraulic-driven machines (loaders lifting trucks etc.), 
operating in a cyclic manner the energy consumption can be considerably reduced, by using 
accumulators as energy storage devices. Thus, it possible to balance forces in lifting system and to 
be used for regenerative braking of loads. Combined with a secondary controlled unit, the energy 
transformation can be performed with low losses [3]. However, high-amplitude oscillations are found 
in the acquired pressure signals due to the dynamic behavior of the machine, especially during the 
phase of loading the bucket or moving towards unloading in the truck [4,5]. A more detailed 
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knowledge of these aspects is opportune and creates the prerequisites for the introduction of a new 
criterion for evaluating the performance of a construction machine [5, 6]. The identification of all 
phases of the working cycle of loader is needed to know the particularities of each of them, as 
variation of the load intensity. With the information of all the phases in the cycle, an adequate 
energy management can be optimized not only for one phase, but even over one cycle [7]. Thus, 
the following phases can be distinguished [8]: bucket filling, leaving bank, retardation, reversing, 
towards lead receiver, bucket emptying, leaving load receiver, retardation and reversing, towards 
bank and retardation at bank. However, in order to minimize the execution time of the loading and 
transport works, the short work cycle with the loader (in V-type) is recommended (it contains fewer 
working phases). Next, the case study it was developed on the LDH loader (45 CP) with hydraulic 
scheme given in the Figure 1. Details about experimental tests, setup used, acquisition and 
processing aspects were the subject of a previously published paper [9-11]. By using a high pass 
filtering of the load pressure and flow measured signals (Fig. 2), the effective power can be evaluated 
as global parameter that are included both excitation sources generated by the internal (depending 
on the type of hydraulic circuit and apparatus used, commands for execution tasks, the control of 
functional parameters etc.) and external perturbations (as response to the resistant forces developed 
when the bucket penetrates the pile), all induced into driven system of loader. 

 

Fig. 1. Hydraulic wheel loader system circuit (MMT 45, Romania) 

 

 

Fig. 2. Pressures and flows monitoring over the typical working cycle of loader (material: non-cohesive soil) 

The hydraulic system power shows the various change in working cycle of loader and can be 
calculated as 

 (1) 

where Δ𝑝 is the differential pressure between the inlet and outlet pressures, 𝑄 is the volume flow 
rate, and 𝜂 is the overall efficiency. After evaluating the total power (as the sum of the powers of both 
circuits), its average value is determined for each phase of the work cycle. The results obtained in 

𝑃 = ∆𝑝 ∙ 𝑄
60 ∙ 𝜂  
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two cases of working (pile constituted from non-cohesive soil and, respectively, cohesive soil), only 
for loading bucket phase (noted as Phase 2) are shown in the Figure 3. 
 

 
a)                                                     b) 

Fig. 3. Selecting and processing of the power signal from loading bucket phase, in two working cases: 
a) non-cohesive soil (wet sand); b) cohesive soil.  

As consequence of the interactions between hydrostatic system, working equipment action, type of 
the displacement mechanism (on wheels) and irregular road on the construction site (in poor 
condition frequently) the power consumption have variations [12]. Based on these signals 
(represented in fig. 3), the working performance of the loader will be identified, for two different 
working environments, in order to supplementary power consumption evaluation (P).   
 
3. Statistical signals processing 

 
The statistical processing of the experimental data includes histograms, probability diagrams, and 
general statistics of data. Together, they provide means for analysis of the monitored data, especially 
for checking whether the data is normally distributed, because the control charts theory assumes 
normal probability distribution (Fig. 4). Control limits of the measured data can be calculated from 
sample points, but for improvement of processing quality, it is recommended to analyze the 
distribution of the average value compared to the individual values of the samples (Fig. 5). 

 

Fig. 4. Normal distribution of the samples points   Fig. 5. Comparative distribution limits of the sample points 
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These aspects will be taken into account when developing the data processing quality control 
algorithm, in the future work. At this stage, only the verification of the applicability of the proposed 
method will be demonstrated. For a basic evaluation, general statistics of the monitored parameters 
(pressure and flow) were carried out with the following operators: random variable (Pi), mean value 
(�̅�), root-mean-square (RMS), standard deviation (σ) and variance (σ 2). Based on these statistical 
operators, the following hypotheses can be stated necessary to formulate additional performance 
criteria in intense dynamic regime of a fast-speed loader, thus: 
 random variable of power (Pi) differs from a working cycle to another. This operator quantifies 

stationary values of each phase; 
 average value of power (�̅�) leads to the highlighting of instantaneous dynamic stresses at the 

change from one phase to another. By evaluating of this statistical operator, the real power of 
the machine is quantified; 

 root-mean-square of power (RMS) is used to quantify the overall energy content of the signal; 
 standard deviation of power (σ), on the individual working phase, puts into evidence the transitory 

behaviour of each of them, and it quantifies the static power of the machine; 
 variance of power (σ2) it measures the degree of dispersion of the instantaneous power data 

around the power sample's mean. It is used to compare the relative performance of each working 
phase with imposed performance to achieve the best power consumption allocation. 

4. Indicators for dynamic global performance  

Based on a set of four indicators defined in the Table 1, the global (dynamic) performance of the 
charger is evaluated.                                             
                                                                                                    Table 1: Defining of indicators 

Indicator name Formula 
Indicator for static power evaluation 𝑖1 = 𝑃𝑠𝑃𝑚𝑎𝑥 

Indicator for dynamic power evaluation  𝑖2 = 𝑃𝑑𝑃𝑚𝑎𝑥 

Indicator for real (effective) power evaluation  𝑖3 = 𝑃𝑟𝑃𝑚𝑎𝑥 

Indicator for intensity of the dynamic power state 𝑖4 = 𝑃𝑟𝑃𝑠  
 
It was introduced the next denotes with the following significations: Ps - power in steady regime and 
it is estimated by the statistical average of the instantaneous values purchased during the respective 
phase; Pd - additional power necessary for the transitory regime of the machine; Pr - the real needed 
power in to real loader conditions; Pmax - maxim engine power.  
The results of processing power data are centralized in the Table 2, for bucket loading phase and 
for two different material categories. 
                                                                                          Table 2: Processing power data 

Phase  Material Operators Power, kW 
 
 
 

Loading 
bucket 

 
 
 

Non-
cohesive soil 
(wet sand) 

RMS 36,631 
Standard deviation 9,041 
Mean 35,498 
Variance 81,746 

 
Cohesive soil 

RMS  32,358 
Standard deviation 5,691 
Mean 31,853 
Variance 32,393 

For example, Figures 6 and 7 show the four indicators (ii, i = 1…4) for identifying the dynamic 
performance of a loader, in the bucket loading phase. 
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Fig. 6. Indicators values for global performance of dynamic working regime in the loading bucket phase  
(material: non-cohesive soil, wet sand) 

 

Fig. 7. Indicators values for global performance of dynamic working regime in the loading bucket phase  
(material: cohesive soil) 

 
In demanding working conditions, comparing the performances of two different types of construction 
machines can be done by evaluating the i4 indicator. Thus, in this case study, the difference caused 
by the type of material loaded in the bucket is noted, which is found in a percentage of 6% compared 
to 3% in the dynamic behavior of the loader's driven system and, implicitly, in the supplementary 
engine power consumption. Therefore, variance values indicate a significant difference of intensity 
of the bucket loading phase: 81,746 (non-cohesive soil) in respect with 32,393 (cohesive soil). 

5. Conclusions 

The topic of this work is part of the current trend of global identification of the performance of a 
machine, in general mode (by monitoring one or more reference parameters) and by specialization 
by types of machines (by elaborating valid reference standards for construction machines that have 
an intense and varied dynamic working regime).   
In the study presented in the paper, the following conclusions were highlighted: 
- static indicator (i1) shows the percentage of the machine's power required for operation in stable 
working mode; 
- dynamic indicator (i2) quantifies the additional power required in transient regimes or with intense 
dynamics. Knowing the values of this indicator is of major importance in evaluating the additional 
power, being closely related to the size of the dynamic loads from the working phases of the 
technological process with fast chargers; 
- real indicator (i3) provides qualitative and quantitative information about the power reserve and its 
efficient use by the machine; 
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- indicator (i4) characterizes the intensity of the dynamic state and, implicit, of the supplementary 
consumption of engine power as response of overloads into mechanic and hydraulic systems 
(sometimes also due to the operator's lack of experience). 
Thus, the set of indicators described above can constitute a new reference criterion in the evaluation 
of the additional power consumed in the work phases of the construction machinery characterized 
by regimes with intense dynamics, with a view to an individual but also global characterization of the 
work performance. 
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Abstract: Hydraulic systems are used in many different industries, such as multi-source hydrostatic drive 
systems. In traditional hydraulic systems, a proportional servo valve is used to control the position of hydraulic 
actuators. The low energy efficiency and high cost of these control valves are two major problems with these 
systems. Digital hydraulics is one of the most unique ideas on how to solve these problems. Researchers like 
digital hydraulics because it is inexpensive, it saves energy, it is not sensitive to contamination, and it has low 
leakage. In this paper, a digital hydraulic circuit is suggested that uses a fast switching on/off valve instead of 
servo valves to control the position of a hydraulic actuator. Using a proper PWM duty cycle, the flow that 
passes through the fast-switching valve is controlled in this way. When the control valve is off, excess pump 
flow flows straight to the tank instead of going through the relief valve. Therefore, the waste of energy caused 
by the relief valve is greatly reduced. A robust sliding mode controller (SMC) is used to ensure position tracking 
even when there are uncertainties.   

Keywords: SMC, Digital Hydraulics, PWM, Hydraulic Actuator Position 

1. Introduction  

In this article, a discussion of the literature on the phenomena of DFP (Digital Fluid Power), 
particularly with respect to multisource hydraulic systems, is presented. In the investigation, the 
effective application of the phenomenon in multi-source hydraulic drive systems is also addressed. 
We will discuss a variety of factors related to this phenomenon, including hardware needs, control 
system design, and specifically whether servo valve technology is preferred as an alternative to 
proportional valves. The report also discusses the possibilities for further research in this area, as 
well as its limitations. The fundamental concept of digital fluid power is the design of a control system 
using hydraulic valves. "Digital fluid power is a new field of fluid power with tremendous scope for 
innovative solutions," claims Rudolf Scheidl [1]. For a successful implementation, new components, 
in-depth knowledge of the system, and new control concepts are required. In a book by Mc Cloy 
titled Control of Fluid Power: Analysis and design [2], Digital Hydraulic Power has been thoroughly 
described regarding its applicability in both hydraulic and pneumatic systems. Intelligent methods to 
reduce power consumption and improve energy recovery from hydraulic drives include multi-source 
hydraulic systems. According to a recent analysis completed in the year 2020 that examined the 
excavator's truck loading cycle, a thorough Multisource Network Hydraulic System (MSNHS) has 
also been suggested that significantly reduced the engine input power by about 60% and improved 
the overall system performance, highlighting the potential for further research in this area. While both 
proportional valves and servo valves are used to control fluidic flow, they differ from one another in 
several factors, like spindle overlap, frequency response, actuation mechanism, intended purpose, 
etc., each of which has advantages and disadvantages. Although proportional valves are 
continuously variable electrically modulated directional control valves with more than 3% center 
overlap, servo valves are continuously variable electrically modulated directional control valves with 
less than 3% center overlap, according to an article by Jack L. Johnson [3]. Keep in mind that this 
overlap leads to the length of the dead zone, which is essential for optimal control of hydraulic 
systems. Since the output of a dead zone is zero (the output is "dead" - (no action occurs), a dead 
zone is a band of input values in the domain of a transfer function in a control system or signal 
processing system [4]. In terms of intelligent control for hydraulic systems, servo valves are thus 
gaining greater research potential than proportional valves. A portion of closed-loop applications that 
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were previously only conceivable with servo valves can now be employed with high-performance 
proportional valves, sometimes known as servosolenoid valves [5]. According to the following 
findings [6], another study found that a proportional valve performed better when connected to the 
SMC (Siding Mode Control) than when coupled with a PI (Proportional Integral) controller.  
The paper also discusses the digital fluid power as the use of simple hydraulic valves in place of a 
property valve to build a hydraulic system, control place proportional hydraulic in a multisource 
hydrostatic drive system to reduce energy consumption, and optimize the energy recovery of the 
hydraulic system. The main objective is to reduce the cost of building the system and its 
maintenance, improvements to the ecological perimeter such as energy, noise, emissions of harmful 
substances and carbon footprint, and so on. 

2. Literature Review  

Generation, monitoring, and control of power, as well as transmission of power, can be achieved 
using pressurized fluids, which is one of the many facets of the expansive field of engineering 
technology known as fluid power [1]. Because it has a low freezing point, a high boiling point, a 
significantly larger bulk modulus, and self-lubricating quality, hydraulic oil is often used [2]. Fluid 
power has a well-defined research domain and academic activities that benefit a wide variety of 
sectors, including agriculture, infrastructure, transportation, aerospace, marine and industrial, as well 
as many others that demand high power-to-weight ratios [3]. Fluid power is characterized by its 
transmission flexibility, user friendliness, simplicity of operation, comparatively low cost, 
controllability, and management [4], in addition to its ability to generate large power densities. Due 
to these advantages, fluid power technology is a viable solution for completing crucial activities that 
require a high power density and a high degree of reliability. Heavy-duty uses include construction 
trucks, material handling equipment, and military activities, as examples [5]. As a power-generating 
component, the hydraulic hybrid propulsion system may have one or two hydraulic pump/motor (P/M) 
units. Moreover, the components of the HHV that are responsible for the storage of energy are called 
hydropneumatics accumulators. There are three distinct configurations that can be applied to 
hydraulic hybrid vehicles: serial, parallel, and power-split. In a configuration known as a serial 
hydraulic hybrid, an internal combustion engine (ICE) serves the function of an accumulator charger, 
while a hydraulic power unit (P/M) supplies the vehicle with the necessary amount of power. 
However, in a parallel hydraulic hybrid architecture, the load is mechanistically connected to both 
the hydraulic P/M and the internal combustion engine (ICE). When compared to the series structure, 
the parallel HHV configuration is easier to implement and has lower costs because there are fewer 
modifications made to the conventional vehicle's mechanical components. A power-split hydraulic 
hybrid can switch between a parallel driveline and a serial driveline for power transmission. A power-
split architecture is significantly more complicated than a parallel architecture. As a direct 
consequence of this, parallel HHV is a better option for businesses that manufacture vehicles. 
Because the speed of the internal combustion engine (ICE) depends on the speed of the wheels in 
the parallel configuration, the parallel configuration of the HHV has the disadvantage of having a 
higher fuel consumption than the series HHV. Previous demonstrations of parallel hydraulic hybrid 
powertrains for buses were conducted in Japan in the 1980s and early 1990s. These powertrains 
are currently being developed by Eaton Permo Drive and Bosch Rexroth and are described in [2]. 
Additionally, over the past ten years, several studies have been conducted on the modeling and 
simulation of parallel HHV [3, 4]. Between 2008 and 2010, Guo-Qing Liu and colleagues conducted 
research on the application of a parallel hydraulic hybrid powertrain for an urban bus [2, 5, and 6]. 
One of the most important contributors to the economy of the United States is the fluid power industry 
[6-8]. The National Fluid Power Association (NFPA) states that thousands of companies use 
hydraulic power systems in the United States. These companies are widely considered the most 
successful industrial enterprises in the United States [7-10], with more than 845,000 workers and a 
combined annual payroll of more than $60 billion.  
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3. System Model 

The cutting-edge field of digital hydraulics [5-9] optimizes the performance of the hydraulic system, 
supports new kinds of fluid power application, and reduces energy consumption. This innovation 
allows efficient replacement of traditional fluid power components such as directional control valves 
with series of valves that operate in parallel [1]. Poppet-style actuation, as seen in the spool valves 
in Figure 1, prevents leakage across the valve, making such valve configurations ideal for this 
application. As a result, this configuration reduces system losses, grants more commands, increases 
performance and efficiency, and reduces the burden on maintenance budgets [2]. This technology 
has also been used to replace conventional check valves in fixed displacement pumps, among other 
configurations, with the aim of increasing the efficiency of traditional systems. It also allows 
conventional fixed displacement pumps to have variable displacements, which opens up the 
possibility of restriction and diversion [4]. Mechanical check valves in the inlet and outlet ports of the 
pump are used by some traditional piston pump/motor designs, such as reciprocating piston pumps, 
to isolate the high- and low-pressure halves of the system. 

 

 

Fig. 1. Schematic of the series hydraulic system for multi-source hydro system configuration 
 
The operation comprises three stages, start-up, cruising, and braking, similar to the parallel design. 
When the automobile is accelerated rapidly, the clutch (2) separates the engine shaft from the pump 
shaft. Therefore, it is possible that the hybrid hydraulic pump/motor (6) will do its job. When the 
accumulator is full, the hydraulic pump/motor will receive the pressurized fluid (5). (6). The acquired 
hydraulic energy is transformed into mechanical power and sent to the driveshaft (8). After the first 
burst of speed, the accumulator is allowed to return to its normal fluid level, and the cruising speed 
is then chosen. Since its pressure is now less than the nitrogen precharge pressure, the engine (1) 
is forced to run and the clutch (2) is engaged. 
Therefore, the axles are driven by a hydraulic pump/motor (6), which is powered by the engine and 
pumps the fluid from a reduced pressure reservoir (3). The accumulator is where the overflow of 
high-pressure fluid from the hydraulic pump is temporarily maintained. Pressing the brake pedal 
causes the engine to break down, the clutch to disengage and the hydraulic pump/motor (6) to switch 
to pump mode, drawing fluid from low pressure storage and storing it in the accumulator. It is time 
to slow down now. The kinetic energy of the wheels is transferred into hydraulic energy and is kept 
in the accumulator in this fashion. Energy reserves will be used to accelerate the vehicle when it is 
time. When the pump is in the intake stroke, the low-pressure check valve allows the fluid to enter 
the system through the valve. When the pump cylinder is depleted, the fluid will be shifted to the 
high-pressure side of the system. This will cause the intake check valve to close, while the exhaust 
check valve will open due to pressure. In this arrangement, the pump can only produce fixed 
displacements because the activation of the intake and exhaust valves is exclusively dependent on 
the pressure difference in the chamber. Therefore, the authors of [6] suggest a digital inline 3-piston 
pump that is electronically activated and employs digital on/off valves in lieu of conventional valves. 
This pump would be inline and it would have three pistons. A digital pump/motor with a displacement 
of 28cc / rev, three displacement chambers, and two quick on / off valves is what the proposal calls 
for. Figure 4 shows that the pump and motor have been configured to be used with a single 
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displacement chamber. This configuration can be seen in the figure. Valve 1 is responsible for 
controlling the flow from the low-pressure side, while Valve 2 is responsible for controlling the flow 
coming from the high-pressure side. Using the suggested configuration, the operation of the valve 
may be regulated at any time throughout the pumping or driving cycle. Due to the improved 
controllability and flexibility of the system that this configuration makes feasible, a wide variety of 
digital pumping and driving approaches are now conceivable [7]. These techniques include flow-
diverting and limiting operating strategies. In addition, our team came up with and implemented a 
mechanically actuated digital pump that, much like its electrically actuated version, can reach high 
efficiencies over a wide range of displacements. In the following sections, you will get an overview 
of the mechanical architecture of the digital pump that is actuated mechanically, you will learn about 
the most efficient operating strategy for the digital pump, that is, actuated electrically, and you will 
see the results of the experimental testing and validation of the digital pump. The following equations 
are given: 𝑓𝑣 = 𝑠𝑣 ∗ 1000𝑣𝑔 ∗ 𝑛                                                                                      (1) 

𝑓𝑡 = 𝑠𝑣 ∗ 𝜕𝑝𝑝𝑚𝑎𝑥 ∗ 600                                                                                   (2) 

𝑓𝑚ℎ = 𝑓𝑡𝑓𝑣                                                                                          (3) 

𝐴𝑝𝑢𝑚𝑝 = 𝑣𝑔 ∗ 𝜕𝑝20 ∗ 𝜋 ∗ 𝑓𝑚ℎ                                                                           (4) 

𝐴𝑚𝑜𝑡𝑜𝑟 = 𝑣𝑔 ∗ 𝜕𝑝 ∗ 𝑓𝑚ℎ20 ∗ 𝜋                                                                           (5) 

 

The size of the accumulator is determined using the following formulae, which are based on the 
application for which it will be used. 𝜕𝑝1𝑣𝑔1𝑘 = 𝜕𝑝2𝑣𝑔2𝑘                                                                                (6) 𝑝0 ∗ 𝑣0𝑛 = 𝑝1 ∗ 𝑣1𝑛                                                                              (7) 𝑝2 ∗ 𝑣2𝑛 = 𝜕𝑝𝑛 ∗ 𝑣𝑔𝑥𝑛                                                                          (8) 

𝑣𝑔1 = 𝑣𝑔𝑥(𝑝3 𝑝1⁄ )1 𝑘⁄1 − (𝑝3 𝑝2⁄ )1 𝑘⁄                                                                                (9) 

 

The minimum operating pressure of the hydraulic circuit can be specified using these values using 
the following equation. 𝑠𝑜𝑐(%) = 𝑣𝑥𝑣_𝑚𝑎𝑥 ∗ 100                                                                     (10) 

The most important output variable of the accumulator block is its State of Charge (SoC). SoC 
represents the ratio of fluid volume to its maximum by the following equation. The maximum fluid 
volume in the accumulator corresponds to the maximum gas pressure situation  

4. Results and Discussion 

In this section, we report the results of a simulation run on a series hydraulic hybrid drivetrain in 
MATLAB Sims cape, a graphical programming environment created by MathWorks [8]. MATLAB 
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Sims cape models the series hydraulic hybrid transmission seen in regular terrain hydraulic vehicles. 
The purpose of the model is to investigate whether a hydraulic hybrid transmission's performance 
might benefit from replacing its current pump/motor components with digital ones. The digital motor 
and pump data that was acquired at the tested displacements (25%, 50%, 75% and 100%), 
pressures (4 MPa, 10MPa and 18 MPa), and shaft speeds (300 RPM, 500 RPM, and 700 RPM) 
were applied to the physical simulation components to simulate the desired state-of-the-art digital 
units (pump and motor).  
Therefore, the physical pump and motor contained, pressure compensated pump, and adjustable 
displacement motors are sized according to the maximum and minimum pressures and the needed 
flow rate of the system, using the imported lookup tables. Accumulator size, along with that of other 
hydraulic parts like valves, fittings, hoses, etc., is determined by the system's pressure and flow rate, 
which are measured during acquisition. The digital pumping/motoring data shows that at 300 and 
700 RPM, the hydraulic units (5) and (11) are capable of a maximum displacement of 28 cc/rev. 
There will also be a maximum volumetric efficiency of 94% for hydraulic units, a minimum overall 
efficacy of 78%, and a pumping efficiency of up to 90%. However, while in the operation unit, (11) 
can achieve overall efficiency of up to 92.2% and volumetric efficiency of up to 99.99%. To provide 
additional flow at peak loads, a series hydraulic hybrid transmission uses a gas accumulator that 
expands and compresses its gas contents under adiabatic conditions (during the acceleration stage). 
Detailed testing was performed with a variety of duty cycles, one of which is shown in Figure 2. 
 

 

Fig. 2. The desired duty cycle 
 
As a result, each tyre had a calculated moment of inertia of about 0.37 kg2 after being rotated once. 
Moments of inertia were determined for each tire, and a mild physical torque source was provided 
at the motor shaft to account for the values. Here, we break down the workings of the simulation 
model at each phase. The accumulator is shown in Figure 3 after being precharge with fluid to a 
pressure higher than that at which the system operates. Since the pump is turned off, the 
accumulator is used as a backup power source. When the vehicle is in motion, the energy stored in 
the accumulator is transferred to the motor (11). The stored pressure regulates the opening and 
closing of the valves. Because the accumulator nitrogen pressure is higher than the system pressure 
currently, the valve does not open (7). The flow is then directed through valve (9) and blocked at 
valve (8) by maintaining valve (7) in its unactuated position (10). 
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Fig. 3. The resulting pressure and flow simulation results at the pump’s discharge and accumulator port 
throughout the duty cycle 

 

As the acceleration phase ends, the accumulator's fluid level begins to drop, and the pressure of the 
recharged object falls below the pressure of the system. Since the accumulator has practically little 
energy left, a second hydraulic power source is required to drive the wheels. At this point (cruising), 
the clutch is engaged by an electrical signal from the engine after the precharge pressure has 
dropped. To put the motion into action on the wheels, the pump begins to push the fluid flow from 
the hydraulic tank (low-pressure reservoir) into the hydraulic motor (11), which still functions as a 
motor. Since valve (10) is still closed, fluid is supplied to the motor in the same way as it was during 
the acceleration phase: through valve (9). 
 

 

Fig. 4. Simulation outcomes for the fluid volume inside the accumulator 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2022 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 9-10, Băile Govora, Romania 

 

 
45 

 

 

Fig. 5. Simulation of the pressure drop across the motor 
 
Figures 4 and 5 illustrate the shifts that occur in the amount of fluid in the accumulator and, 
separately, the pressure drop that occurs in the motor throughout the period of the needed duty cycle 
for the different transmission stages (acceleration, cruising, and braking). Acceleration occurs when 
the stored energy is released into the intake port of the motor to increase the rotational velocity. 
Because of this, the motor operates in driving mode. 4.  

5. Conclusions 

It is apparent that fluid power is a critical part in almost every industry, including transportation, the 
construction of manufacturing facilities, etc. The development of models that can take the best 
advantage of the idea of digital fluid power is urgently needed in this era of intelligent technological 
systems. Due to the significant potential for energy recovery in multisource hydraulic drive systems, 
such models must be constructed as a first step. To determine system errors, the simulated model 
and the real system must be contrasted. This may lead to improved energy efficiency, less losses, 
and improved system performance. Due to the poor operation of conventional variable displacement 
pumps at partial displacements, the average efficiency of series hydraulic hybrid drivetrains is 
between 64% and 81%.    
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Abstract: The current climatic, political and economic situation, the constantly increasing price of electricity, 
requires the intensification of research in order to develop new methods of increasing the efficiency of heat 
pumps is an immediate desideratum. Because every percentage of efficiency has a major impact on the final 
operating costs, it is very important to design and make the most efficient system for heating and cooling 
installations. The paper presents the development of an experimental stand with air source heat pumps, 
which offers the possibility to control and determine the influence of the functional parameters so that the 
increase in efficiency is possible. The proposed solution increases the efficiency of the heat pump in the 
same climatic conditions, by heating or cooling the air taken by the evaporator’s fan, but in the presented 
configuration it also eliminates the disadvantages of using the climatic well to ventilate the rooms. 

Keywords: Heat pump, climatic well, energy saving, COP increase 

1. Introduction 

In recent years, climate changes are felt more and more acutely through the occurrence of extreme 
weather phenomena with an increasing frequency, extreme heat waves are no longer isolated 
cases and with low frequency, but become periods of time with records in overcoming the most 
high temperatures, torrential rains with unusually high wind speeds, but also a continuous warming 
of the oceans, which implicitly leads to the melting of glaciers and the rise of sea levels, at a much 
faster rate than that observed in the last 50 years. The European average temperature for August 
2022 was by far the warmest ever recorded for August, 1.72°C above the 1991-2020 average and 
2.24°C above the 1981-2010 average. [1] 
The “Fit 55” package includes a proposal to revise the Renewable Energy Directive. The proposal 
is to increase the current EU target of at least 32% of energy from renewable sources in the global 
energy mix to at least 40% by 2030, with a net greenhouse gas emissions by at least 55% by 
2030. [2] 
In order to decarbonize the economy but also to strengthen Europe's geopolitical energy 
independence, the solution with the highest energy efficiency in the use of electricity obtained with 
the help of renewable sources in applications for heating and / or cooling is the one with 
compressor heat pumps. 
Despite the negative consequences of the coronavirus pandemic as well as challenges in global 
supply chains, demand for green air conditioning solutions continued to grow by around 30%. [3] 
In the last two years, demand has exploded with the increase in energy prices, the war in Ukraine 
and the Russian gas crisis, and the upward trend is valid for the whole of Europe. 
In these conditions where the price of electricity has a constantly increasing trend, the 
intensification of research in order to develop new methods of increasing the efficiency of heat 
pumps is an immediate desideratum. Each percentage of the efficiency has a major impact on the 
final operating costs and therefore the importance of designing and making a system as efficient as 
possible of heating and/or cooling installations with heat pumps is very high. 
A solution for improving the energy efficiency in case of residential buildings is represented by heat 
pump systems (HPS), which are modern heating installations composed of the actual heat pump, 
the heat supply and distribution installation and the indoor central heating installation. 
There are three main types of heat pumps used in residential HPS (figure 1): 
- heat pumps with the outside air source 
- heat pumps with the ground source, 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2022 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 9-10, Băile Govora, Romania 

 

 
48 

 

- heat pumps with underground water source. 
 

 

Fig. 1. Heat pump systems classification [www.ct1.ro] 
 

The most affordable heat pumps, whose installation does not require drilling or complicated 
construction work, represent the first category, figure 2. 
 

 

Fig. 2. Air source Heat pump [www.trust-expert.ro] 
 
The energy consumption and the operating performance of air source heat pumps depend on 
many parameters such as: the climate zone, the thermal demand of the building, the indoor 
heating system, the number of hydraulic loops, thermal inertia, the size of the heat pump, the 
modulation of the pump and the automation adapted for each component of the HPS (terminal 
units, heat pump, circulation pumps, etc.). 
For high efficiency, it is important that HPS are used both for heating and domestic hot water in the 
winter and in reversible mode during the summer, ensuring cooling and domestic hot water. 
There are studies and analyses, in the literature, related to the operation of heat pumps with 
different types of heating installations: cast iron radiator, bimetal radiator (steel-aluminium), fan 
convectors and radiant floor. The operating costs of HPS with cast iron radiator, bimetal radiator, 
fan coil and radiant floor heating are 33%, 41%, 42% and 47% lower than the operating cost of an 
electric heating system. [4] 
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The performance of heat pumps can be assessed through a series of factors (specific electricity 
consumption, renewable energy supplied, seasonal performance coefficient) but the most 
important indicator that characterizes the operation of the heat pump is the coefficient of 
performance (COP). It is defined as the ratio between the useful thermal power produced (Ethermal) 
and the drive power of the heat pump (Eelectrical). [5] 

2. Objective 

The reduction of electricity consumption for the same amount of thermal energy produced by an 
air-water type heat pump, in same climatic conditions, can be obtained by changing the 
temperature of the primary source (the air) that bathes the vaporizer (the heat exchanger from the 
primary source to refrigerant). 
A passive method of heating or cooling the air taken from outside used in the ventilation of houses 
is climatic (Canadian or Provençal well, figure 3), is a simple and shallow geothermal system, 
capable of taking advantage of the stable temperatures of the subsoil surface layer. Its functioning 
is based on the fact that the underground temperature differs from that of the environment. This 
difference is accentuated at approximately two meters of depth, where it remains stable in 
increasingly lower temperature ranges (depending on the area at 10 m depth, the temperature 
variation throughout the year can be in the range of 9-11°C, figure 4 for Romania). As 
disadvantages of using climatic wells in ventilation, can mention those related to the possibility of 
infiltration of dangerous chemical substances in the case of the use of inappropriate materials or 
the poor installation of pipes and the creation of mold due to condensation. 
 

 

Fig. 3. Diagram of operation of a climate well. Source: ADEME-2012 (The French Agency for Ecological 
Transition) 
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Fig. 4. Soil temperature variation [6] 
 

Thus, the purpose of the work is the creation of an experimental stand, which, through 
temperature, humidity, pressure and speed sensors, allows establishing the influence of the 
physical quantities in the system that affect the consumption of electricity, as well as the variation 
of the functional parameters in different climatic scenarios, in the case coupling a heat pump 
whose source is outside air, with a climatic well. The system can be used in the passive version 
(without auxiliary fans), only the heat pump fan is used for the air flow from the Evaporator, or 
semi-passive in which the air flow through the underground pipes is created with the help of low 
power auxiliary fans. 

3. Experimental setup 

The components that are part of the experimental stand are shown in figure 5. 
 

 

Fig. 5. Schematic experimental stand 
 

The stand contains an air-water heat pump with a power of 6 kW, which provides the heat required 
for a residential house. The maximum air flow to the fan of the external unit of the heat pump in 
heating mode is 2530 m³/h. For an optimal thermal transfer through the piping below the ground 
level, the speed should be between 2 and 4 m/s, thus the required section is (A=Q/v) 0.17...0.35 
m². For the stand described in the paper, a number of 6 pipes with an internal diameter of 190 mm, 
i.e., a total area of 0.17 m² was chosen. The speed of the air through the ducts, for different values 
of the flow rate, is presented in figure 6. 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2022 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 9-10, Băile Govora, Romania 

 

 
51 

 

 

Fig. 6. Air speed in the climatic well depending on the flow rate 
 

The total length of the pipes is 24 m, the depth below the ground surface is 2 m for three pipes and 
1.5 m for the other three. The distance between them is 1 m. The useful volume of the collector 
chamber is 7 m³ and it is provided with an opening for the admission of outside air, without passing 
through the climatic well, controllable with a motorized shutter. 
To calculate the total pressure loss in the air circuit, we must add up the pressure loss in each 
element of the circuit. The pressure loss due to the friction when air flows, is calculated according 
to the empirical known relationship: ∆𝑃 = 𝑓𝑎 ∙ 𝐿𝑑 ∙  𝜌 ∙ 𝑣22       (1) 

where: L - represents the length of the pipes [m]; d - inner diameter [m]; ρ - density of the fluid  
[kg/m3]; v - average flow velocity [m/s]; fa - Darcy's coefficient of friction. 
In order to ensure the flow rates entering the collection chamber at the entrance in the climatic 
well, auxiliary axial fans with a maximum power of 10 W were installed. 
The propagation model of heat conduction in a semi-infinite solid (soil) proposes an analytical 
solution when the surface temperature of the solid is sinusoidal. The outside air temperature, Tair 
will be conveniently expressed [7]: 𝑇𝑎𝑖𝑟(𝑡) = 𝑚 + 𝐴 sin(𝜔𝑡 − 𝜑)                 (2) 

Solving the heat equation for a transient semi-infinite environment whose surface temperature is 
imposed by equation (2) we obtain the soil temperature function of depth x, in equation (3). In this 
model the solutions are also sinusoidal with the same period and pulsation as the temperature 
signal but whose phase and amplitudes vary with the depth considered. [7] 𝑇𝑠𝑜𝑖𝑙(𝑥, 𝑡) = 𝑚 + 𝐴 ∙ 𝑒−𝑥√ 𝜔2𝛼 ∙ sin (𝜔𝑡 − 𝜑 − 𝑥√ 𝜔2𝛼)               (3) 

where: α - thermal diffusivity, the ratio of the thermal conductivity to the volumetric heat capacity. It 
is an indicator of the rate at which a temperature change will be transmitted through the soil by 
conduction; m - mean period temperature [°C]; A - amplitude of the temperature variation [°C]; ω - 
pulsation [rad/s]; φ - phase shift [rad]. 
The experimental stand with the air source heat pump, climatic well and air collecting chamber was 
made at a residential building in Cluj County, Romania, as can be seen from figure 7. The 
experimental stand has just been completed and equipped with sensors and data acquisition so 
that the measurements that last a year will begin. 
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Fig. 7. Air source heat pump with climate well experimental setup 

4. Conclusions 

The efficiency of the climatic well upstream of the heat pump, will vary depending on the nature of 
the soil, its rate of aeration and moisture, the air flow speed in the pipes, pressure drop, etc.  
The proposed solution increases the efficiency of the heat pump in the same climatic conditions, 
which uses the thermal inertia of the ground to preheat or cool the air taken by the evaporator fan. 
The built stand allows the measurements for the four seasons and the determination of the 
coefficient of performance (COP) of the new system. 
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Abstract: The paper presents an empirical analysis for a digitized manufacturing system. It is part of Industry 
4.0. for modeling we used schematically represented systems. Thus, the complete system includes, in addition 
to the manufacturing system, a manufacturing management location in the cloud. The role of cloud 
manufacturing is to connect internally with the manufacturing system and externally with RAMI 4.0. for the 
simulation we will use the empirical system and Petri nets. We use Petri nets because the modeling is relatively 
easy to analyze and simulate. Changes in terms of optimization and elimination of errors can be done relatively 
easily and the results are transmitted in real time. The resulting diagrams can be easily interpreted for decision-
making so that no idle times are included in the technological process. 

Keywords: Cloud manufacturing, digitization, Industry 4.0 

1. Introduction  

According to specialized literature, industry, being one of the most critical sectors within any 
economy, is greatly affected by the digitization of production processes through the development of 
new technologies that can be used to increase productivity. Digital transformation in the industry 
plays a vital role in keeping the organization in pace with the competition. The only way of 
sustainability in any competitive market is to transform business processes into a digital one [1,3,4]. 
More and more companies accept the fact that digitization of production is the answer to increase 
competitiveness and try to find products or services to meet the needs. Investments in smart 
machines do not guarantee success without a vision for digitization [2]. 
According to specialized literature, the digitization of production is a development and adaptation 
strategy. 
Digital is no longer just a tactical aspect of the manufacturing business – it becomes vital to pursue 
end-to-end digital transformation to achieve goals such as improving efficiency and quality, reducing 
costs and waste, and creating innovative products and services. 
Digital transformation is about applying technologies to radically change traditional processes, 
products and services into data-driven, highly connected solutions that can be monetized through 
extreme efficiency gains and entirely new business models. With a digital approach, firms accelerate 
time to market, deliver new customer value through digital experiences, manage complex global 
value chains, and innovate to dramatically improve customer experience and create new revenue 
opportunities [5,6]. 
The starting point is a stochastic system. For the stochastic system, the performance evaluation area 
can be subdivided into two sub-areas. The first refers to measurement and includes three distinct 
domains that can be called measurements, benchmarks, prototypes. 
Measurements are performed on a real system under real operating conditions. They provide the 
actual performance of the system in the particular state in which the system is observed. However, 
the measurement results have a very small generality because they are largely dependent on 
detailed characteristics measuring system workload imposed on the system during the 
measurement.  
The benchmarks will require study system available, so they can be seen. There are cases where 
the performance study refers to a system that is not available, it is necessary to develop a 
representative approximation of it, either in hardware or software [7,8]. 
For the elaboration of the works, we have made a link to be able to do research in particular regarding 
the confidentiality of the cloud manufacturing, the analysis of the IoT resources in the manufacturing 
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systems and which can equal it for research purposes, namely RAMI 4.0. IoT is described in the 
literature as being anything connected to a network that can communicate autonomously without 
additional human intervention. This concept used in production and other industrial processes allows 
machine designers to create intelligent equipment and machines so that they can track, record, 
display, monitor and adjust parameters autonomously. For the cloud, we turned to the simple 
definition Cloud is an application available only to customers with active mobile Internet, which offers 
a solution for data storage. Cloud storage consists of archiving, organizing and distributing on 
demand data between virtualized storage volumes that have been consolidated into hardware 
[9,10,11]. 
In this paper have proposed a new architectural model of the intelligent factory that will allow the 
production experts to make a simpler planning, optimized using all the key technologies of the 
industry known until today. 
Manufacturers can automate and schedule purchases to align with production schedules to reduce 
inventory costs and positions, while automating inventory and material control. 

2. Model description and analysis 

The impact of digital transformation in manufacturing includes improvements in safety, quality, 
production, efficiency, revenue and sustainability – all while reducing costs to remain competitive in 
the market. 
Some major benefits of digitization for manufacturing companies 
- digital solutions improve safety, fewer injuries and accidents occur at the workplace 
- improvements in the quality of results, reduction of product repetition, reduction of warranty work 
and increase of customer satisfaction. 
- effective process improvement, has a positive impact on employee productivity and production 
output. 
The existing industry architecture model provides a good overview of the industrial environment 
architecture, but leads to some limitations for users. To overcome these limitations, we proposed 
based on RAMI 4.0 models a simple smart factory architecture model based on the concept of 
distributed systems with accurate information and data flows between them. The proposed 
architectural model enables more reliable and simple modeling of the smart factory. To solve many 
problems the solution can come from RAMI 4.0, which provides the reference architecture model for 
the industry, it is a three-dimensional map that shows how to approach the problem at the industrial 
level in a structured manner and last but not least it ensures that all participants involved reach a 
common denominator. 
The key technology that enables the integration of distributed manufacturing resources, their 
transformation into manufacturing services and centralized service management is cloud 
manufacturing. This concept allows multiple users to request services at the same time by submitting 
the tasks of their requirements to a cloud production platform. 
According to specialized literature, the integration of decentralized production resources and the 
establishment of a collaboration infrastructure between these units is fundamental. This idea requires 
building the networked manufacturing environment to integrate manufacturing resources and 
applications.  
Manufacturing resources and knowledge can be put into the cloud and thus become accessible on 
demand by consumers. 

3. Presentation of the system   

In order to ensure good information management, I will use a tiered cloud system. Research using 
Petri nets has become very widespread due to the mathematical and graphical model used. Petri 
nets have at their disposal appropriate platforms in the field of modeling and design of concurrent 
systems, computer systems, manufacturing systems and performance analysis. 
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The present work is based on three objectives for IoT but also for the Cloud, these being key 
elements for RAMI 4.0 as well: 
- fundamental study of Petri nets that can be analyzed and validated by a discrete system, 
- petri nets are useful for modeling and analyzing systems with discrete events, 
- validation methods and results obtained from the analysis of the subject model, deterministic and 
stochastic model that are used to reorganize and re-evaluate the system and increase its flexibility. 
The figure 1 highlights the essential steps of a cloud manufacturing system in the ideal case. All the 
elements used in the simulation are discrete, which is difficult to obtain in practice. 
The modeled system chosen is schematic and contains the basic components IoT, cloud, RAMI 4.0 
and the connection between them. It is a generic system and has the role of highlighting the 
component elements. 
In simulations, one can observe the intense activity throughout the requested period in the IoT area, 
because here the technological manufacturing flow takes place. In the Cloud area there is action at 
the required levels. Only three basic levels are represented in the scheme. These are at the 
beginning and end of the process and an intermediate level that can play a role in monitoring the 
activity. 
 

 
 

Fig. 1. The general model under analysis. 
 

As for the times used in the simulation, they are comparable to those used in the work in which we 
dealt with Cloud systems and manufacturing systems. The times are chosen randomly to be able to 
see on the simulation result the variations that can occur as a result of using the three technologies 
and their own architectures, Cloud, manufacturing and RAMI. 
As a result of the simulation it is observed that intense activity on the entire surface of the 
technological flow is only in the manufactuing area. 
In the cloud, figure 2, and 3, area the activity from the beginning and the end of the model is actively 
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monitored, and the intermediate zone is the activity of tracking, the role of these areas is also to 
signal any possible defects that may occur in the technological process or errors that occur in the 
system. 
 

 

 

 

Fig. 2. Cloud-level simulation, as an 
intermediate control system.  

Fig. 3. Cloud-level simulation at the end of the 
stream. 

                             

In the area dedicated to RAMI 4.0 on the graphical representations, figures 4, 5, 6 and 7, we observe 
at the beginning a determined variation of relations, connections, internal and external requests. 
These are up to the stability of the system at the cloud level, and then everything unfolds linearly 
without any variations and sudden differences in representations. All this representation is until the 
end of the lot. 
 

 

 

 

Fig. 4. Simulation at RAMI nodes 
with rules for manufacturing  

Fig. 5. Simulation at RAMI nodes with rules for 
Cloud. 

 

At the beginning of a new manufacturing batch determined by the same type of product established 
for processing, the entire RAMI 4.0 system will again have variations determined by the internal 
actions of the system and the external actions due to the imposed specifications. This simulation 
refers only to the product life cycles, the orders with the hierarchical levels of the industry. The life 
cycles of the factories and machines are not debated because in the model we included only one 
working point. 
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All simulations were performed in the same time frame for a single batch, in order to be able to 
observe as explicitly as possible the variation corresponding to the production flow and the level of 
orders accessed by RAMI for the system chosen as the simulation model. 
 

 

 

 

Fig. 6. Simulation at RAMI nodes 
with rules for manufacturing  

Fig. 7. Simulation at RAMI nodes with rules for 
Cloud. 

 

4. Conclusions  

Digitization is radically changing the face of manufacturing companies. Digital factories are 
transforming manufacturing as companies implement innovative technologies and seek employees 
with fundamentally different skill sets. 
Leading manufacturing companies are implementing a number of key technologies to digitize 
manufacturing as well as their entire supply chain. These include end-to-end big data analytics 
solutions, real-time planning and connectivity, autonomous systems, digital twinning and worker 
augmentation, among many others. These technologies offer significant efficiency gains and enable 
companies to produce highly customized products, often at batch size. However, the full effect of 
digitization is only realized when companies are connected in real time to their key suppliers and 
critical customers. 
Through digital trainings and a communication concept, it motivates employees to contribute to the 
digital success of their companies. 
Digital change is easier said than done. While the benefits of digital transformation are tremendous, 
there is no one-size-fits-all approach. 
Digital transformation is changing the structure of modern business, the scale of operation, consumer 
behavior, product life cycles, innovative behavior and company culture, legal regulation, promoting 
broader innovations to meet consumer demands, increasing efficiency and improving the quality of 
goods and services produced delivered. 
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Abstract: This paper presents considerations regarding the realization of the experimental model of a sale 
system (vending machine), independent of energy, of cold and hot products. In the current context, in which 
desiderata such as: reducing energy consumption and reducing physical interaction, in the field of sales 
between customer and seller, are particularly important, the present paper presents the experimental research 
platform realized in order to test an innovative system of storage and delivery of cold or hot products, system 
powered by electricity obtained from renewable sources. This paper presents the tests performed and the 
results obtained regarding the sustainability of the proposed innovative system. 

Keywords: Renewable sources, vending machine, energy efficiency, environment   

1. Introduction 

In the current geopolitical context in which the aim is to reduce energy consumption and use 
renewable energies, the creation of an automatic energy-independent sales system is particularly 
current. Vending machines are becoming more and more present in today's trade because they limit 
the contact between the trader and the customer. The COVID 19 pandemic has generated among 
traders an increased interest in autonomous vending machines, machines that limit contact between 
people and the spread of viruses in case of epidemics. In order to place a vending machine near the 
customer (near the home, workplace, playground, etc.), a problem is the connection to the electricity 
system. The creation of an energy-independent machine solves this problem and generates an 
increase in sales of this kind. 
 

 

Fig. 1.  Source https://solarstik.com/energy-storage-feature/ 
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There have been several attempts regarding the supply of vending machines from renewable 
sources. The solutions presented by other manufacturers and which are in the spirit of our system 
are presented as a reference as follows: 
Coca Cola has created a freestanding vending machine that runs entirely on solar power. This off 
grid machine is self-contained and fully functional. It is also very easy to install and easy to ship, 
thanks to its compact solar panels and internal batteries. The machine can turn out to be a great 
asset in open areas like promenades, boardwalks, beaches, ballparks, college campuses, 
amusement parks and even military bases. All that it needs is the sun to function. What if there is no 
sun? The machine simply stores surplus energy in its batteries, powering the machine for at least 
five days on this stored energy [10]. 
Disney’s ESPN Wide World of Sports Complex deploys two Renewable Equipped Vending (REV) 
Machines following a successful initial deployment of six prototype REVs at SeaWorld in Orlando, 
Florida. The solar-powered machines are selling beverages at the following locations within Sea 
World: Shamu’s Happy Harbor, Key West; Terrace Garden, Pacific Point Preserve; and Aquatica, 
SeaWorld’s Waterpark.[14] 

 

Fig. 2. Source https://www.springwise.com/solar_powered_vending_machines/ 

 

 

Fig. 3. Source: Media-Cdn.TimesFreePress 
 

Springwise has also come up with its own unique plan to design a vending machine powered by 
solar energy. The machine incorporates a strong refrigeration system that can keep the foods and 
drinks inside it cool for hours. It is fitted with solar panels at the top to absorb the sun’s rays. The 
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electricity thus generated is used to power the vending machine as well as recharge a battery that 
would keep the machine running at night and on cloudy/rainy days. An inbuilt wind turbine can 
substitute for solar energy in areas where the sun does not come out too often. [10] 
Another company called Solar Vending has developed an entirely off-grid vending machine that uses 
solar power to power its refrigeration and vending mechanisms. The off-grid ability would allow the 
machine to be placed even in remote locations like in the middle of a golf course. 
A number of companies have started developing solar powered vending machines to keep 
beverages in the most sustainable manner. Utilizing only the sun’s energy for operation, these 
machines will be a blessing for people living or travelling remote, off-grid locations. [10] 
 

 

Fig. 4. Source http://innovativevendingsolutions.com/case-studies/td-solar-powered/ 

 
In the age of Coronavirus, as more consumers rely on vending machines to get their food and 
beverages, solar–powered vending machines only enhances the value of vending machines. 
Consumers can have confidence in knowing that regardless of what’s happening with the power grid, 
as long as the vending machine is solar–powered, it’s always going to be working. 
Vending owners who own solar–powered vending machines can also have confidence that their 
devices are offering consumers real value while they are also doing their part to lower their carbon 
footprint by owning an environmentally friendly vending machine.[15] 
The energy independence of the sales system ensures the creation of a green product with a low 
impact on the environment and also allows its placement in areas where electricity cannot be 
provided from other sources.  
Taking into account the existing models, we developed an autonomous vending-machine type 
equipment that would allow the analysis of the operation of a system for selling cold and/or hot 
products that would be powered with the help of solar panels. In order to study the problems that 
arise in the case of the creation of such equipment, we designed and created an experimental model 
made on a real scale. The trading of products with the help of automatic systems allows getting 
closer to the customer. The customer does not have to travel long distances, with the help of means 
of transport that emit CO2, to procure certain products. Also, trading with the help of vending 
machines allows them to be fed at night, when fuel consumption for transporting goods from the 
warehouse to the point of sale is reduced and the impact of CO2 emissions is lower. 
 
 

http://innovativevendingsolutions.com/case-studies/td-solar-powered/
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The experimental model 

The proposed experimental model has dimensions similar to those of the sales system to be 
designed and built for commercialization.  

 

Fig. 5. Subsystems of the experimental model  

 

 

Fig. 6. Experimental model  

 
The experimental model designed and made has the following subsystems: 

- Electricity production subsystem - A 
- The thermally insulated enclosure subsystem - B; 
- Product delivery subsystem - C; 
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- The command and control subsystem – D; 
- The electricity storage subsystem – E; 
- Refrigeration installation subsystem – F. 

The efficient functioning of the entire system is determined by the structure and fulfillment of the 
functional roles of all the equipment components, as follows: 

- the metallic structure of the experimental model ensures the support for the component 
elements; 

- the subsystem - thermally insulated enclosure - is made of materials with low thermal transfer 
and represents the area where the products are stored for delivery.  

- The products are fed on the upper part of the equipment and their delivery is carried out on 
the lower part; the product delivery function is ensured by a complex system consisting of 
two large components: the product tray in which the products are stored for delivery and the 
collection and transport system for delivery to the consumer;  

- the refrigeration installation is the system that produces cold in a thermally insulated room;  
- the production and storage of electricity is carried out by the system that uses photovoltaic 

panels for the conversion of solar energy into electricity which, through a management 
system, is either stored in accumulators or delivered to the consumers of the experimental 
model;  

- the command and control functions are ensured by the electronic automation system that 
controls the thermal subsystem, the product delivery system, the communication of data 
received from the sensor systems, the remote control through an interface that the consumer 
accesses from a personal device.   

The initial and final stages of the product's route inside the equipment are as follows: the product to 
be delivered to the consumer is loaded (by lifting the thermally insulated cover by tilting and inserting 
the trays with previously loaded products) in the upper area of the thermally insulated enclosure. 
The unloading of the product is carried out with the help of a spiral system, with which the product 
tray is equipped, in the collecting funnel of the thermally insulated enclosure that directs the 
mechanism for taking and delivering the products to the tray (see figure no. 1). 

 

Fig. 7. Thermally insulated enclosure  
 

The product is then lifted to the area where the product is picked up by the consumer, this area being 
equipped with a manually operated door.  
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The product delivery experimental model is energy independent and is designed in such a way as 
to use as efficiently as possible the electricity produced with the help of photovoltaic panels.  
The main objective of this work is to analyze the consumption of the cold production installation in 
the thermally insulated premises, so that, in the following, it is presented how to achieve it.  
In the design stage and later, in the manufacturing stage of the subsystem of the thermally insulated 
enclosure, the use of materials that have a heat transfer coefficient as low as possible was taken 
into account. 
Thus, a new composite material (consisting of three different materials) was chosen for the 
construction of the enclosure, both for the product storage tank and for the tilting cover of the 
enclosure. On the inside, a Komacel expanded PVC [17] type plastic material was used, on the 
middle part we used a high-performance insulating material of the Termoconfort type [18], and on 
the outside, a material resistant to the weather and exposure to solar radiation, Bond PE type [16], 
was used.  
 

  

Fig. 8. Realization of a thermally insulated enclosure  

 
The use of these materials was aimed at ensuring the highest possible energy efficiency, but also 
the possibility of recycling the materials in the post-use stage. The realization of the experimental 
model on a natural scale allowed the validation of the technology and the manufacturing costs of the 
energy-efficient vending machine that will be produced in series.  

  

Fig. 9. Refrigeration installation subsystem 
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The application of these manufacturing technologies allows obtaining superior energy performances 
but also reduced manufacturing costs by using existing materials and technologies.  
The following equipment was used for the cold production installation: Evaporator coil; Evaporator 
fan motor (electrical power 36 W) Condenser coil; Condenser fan motor (electrical power 38 W) 
Hermetical single speed compresor (cooling capacity 523 W, condensing temperature 45 C 
Evaporating temperature -10 C [19]). Refrigerant installation uses R290 as a refrigerant. 
The experimental model is equipped with a complex system of sensors whose values are collected 
and sent continuously via the Internet to a server. The collected data are stored in the server so that 
they can later be analyzed either in real mode through an Internet browser, or to be downloaded in 
the form of a database. The data stored on the server are: temperatures on three levels in the 
thermally insulated enclosure; ambient temperature; consumption for the refrigeration system [W]; 
consumption for the product heating system [W]; consumption for the interphase product transport 
system [W]; data provided by the photovoltaic system through the MPPT solar charge controller 
(Baterry [mV]; Baterry injected current [mA]; Solar voltage [mV]; Solar power [W]; etc). 
 

 

Fig. 10. Data server interface experimental model  
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Fig. 11.  

 

 

Fig. 12.  
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Following the tests carried out with the help of the experimental model, we collected more data 
regarding the operation of a system for the automatic sale of cold and hot products, an energy 
independent system. From the complex of multidisciplinary data, this paper presents, in summary, 
an analysis of the electricity consumption of the refrigeration system in correlation with the ambient 
temperature. The presented data were extracted from the database in which the experimental model 
of the energy independent sales system stores the values recorded from the sensors it is equipped 
with. The analysis is carried out for August and September 2022, in fig. 11 and fig. 12, being 
presented in the form of graphs, the daily consumption (KWh) of the cooling subsystem and the 
ambient temperature (degrees Celsius). 
Analyzing the graphs presented previously, we notice that there is a direct dependence between the 
electricity consumption and the energy consumption of the refrigeration system that ensures the 
internal temperature of around 6 degrees Celsius in the premises where the products to be delivered 
are stored. In August, the average outside temperature was 33.38 degrees Celsius, and in 
September, an average temperature of 25.30 degrees Celsius was reached.  
In the analyzed period, the system consumed a total of 127.44 kWh for the month of August 2022. 
The daily average consumption was 4.11 KWh. Considering the value mentioned in the electricity 
label [] of an electricity supplier from Romania, for the production of electricity in the year 2021, the 
level of CO2 emissions was 217.24 g/KWh. Using this value of CO2 emissions, in determining the 
level of emissions for the cooling system of the experimental model, we conclude that by using solar 
panels we can obtain a reduction in CO2 emissions of 0.027685 tons of CO2 in August 2022. 
In September 2022, the experimental model consumed a total of 77.58 kWh. The average daily 
consumption was 2.50 KWh. Considering the value mentioned in the electricity label [12] of an 
electricity supplier from Romania, for the production of electricity in the year 20211, the level of CO2 
emissions was 217.24 g/KWh. Using this value of CO2 emissions, in determining the level of 
emissions for the cooling system of the experimental model, we conclude that by using solar panels 
we can obtain a reduction in CO2 emissions of 0.016853 tons of CO2 in September 2022. 

Conclusions  

The realization of an experimental model on a real scale for an automatic sales system of cold and 
hot products allowed the performance of tests that, in the case of a complex system, would not be 
conclusive for a reduced-scale model.  
Following the presented analysis, we can say that the use of renewable sources to power an 
automatic sales system leads to a significant reduction in CO2 emissions. The reduction of CO2 
emissions has a beneficial effect on the environment, which recommends these systems for use in 
the urban environment or in protected geographical areas. 
For the two months analyzed in terms of consumption, a total consumption of 205.22 KWh was 
recorded, which corresponds to an average consumption of a house for one month [9]. The total 
value of reduced CO2 emissions is 0.0445 tons, equivalent to a road of about 280 km traveled by a 
mid-range gasoline car, with an emission level of 160 grCO2/km. Considering the large number of 
vending machines currently existing in the urban environment and the future regarding the use of 
these systems, the reduction of energy consumption and CO2 emissions will be significant in the 
energy balance and in terms of environmental protection from urban areas. 
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Abstract: The paper presents a new type of rotating volumetric pump with two profiled rotors, which is based 
on a patent. The calculation relations for the pump flow rate and its driving power are deduced. The influence 
of the shape of the rotors on the flow conveyed by the rotary pump takes place in two ways: 
1- by the shape of the rotating pistons 
2- through the influence of the main dimensions of the rotating machine (rotor length, rotor radius, rotating 
piston height). 

Keywords: Rotating machine, volumetric pump, profiled rotors 

1. Introduction  

The machines are aggregates used to transform energy from one form to another with the help of a 
mobile organ (piston, profiled rotor, blade) [1-2]. 
Machines, according to their intended purpose, are divided into two large categories [3-5]: 
1. Power machines (motor machines), which transform a certain form of energy into mechanical 
energy (internal combustion engines, steam, or gas turbines, etc.). 
2. Working machines, which transform mechanical energy into potential pressure energy (fans, 
pumps, compressors). 
Force and working machines that are traversed by fluids, according to the variation of the flow 
parameters, are classified as follows (table 1): 
a. Hydraulic machines, which circulate or are actuated by liquids, where thermal phenomena are 
neglected. 
b. Thermal machines, which circulate gases or vapors (or are acted upon by them) in which the 
thermal phenomena that occur are not neglected. 
The realization of high-performance rotating machines (pumps, fans, blowers) is current. 
 
                                                                                   Table 1: A general classification of rotating machines  

Classification by 
purpose 

Depending on the 
constructive solution 

According to the working parameters 

Working machines Machines with profiled rotors a) Fans, blowers, pumps 

Blade machines b) Fans, blowers 

Force machines Machines with profiled rotors c) Internal combustion engines, steam or 
gas engines, pneumatic engines 

Blade machines d) Steam turbines, gas turbines 

 
Researches aims to build machines that ensure the transformation of the engine torque received 
from the shaft into useful effects, but with as little energy loss as possible. 
Table 2 presents the classification of rotating machines with profiled rotors according to the 
purpose pursued and the adopted constructive solution [6]. 
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                                                           Table 2: Classification of rotating machines with profiled rotors 

 

 

 

 

Rotating machines 
with profiled rotors 

Classification by 
purpose 

Classification in terms of construction 

 

Working machines 

Pumps for driving fluids or with 
suspensions 

Fans for transporting gases or vapors 

Blowers for gas and vapor compression 

 

Force machines 

Hydraulic motor 

Pneumatic motor 

Steam engine or combustion gases 

 
From the category of rotating working machines for the circulation of liquids, rotating pumps are 
presented. 
In technics, there are two main criteria for classifying pumps [7-9]: 
I. According to the operation principle; 
II. By training mode. 
I. According to the principle of operation, two categories are distinguished: 
A. Volumetric pumps; 
B. Non-volumetric pumps.  
II. According to the driving mode, three categories of pumps are distinguished [10]: 
a) Electric pumps; 
b) Motor pumps; 
c) Turbo pumps. 
 

                                                                                                             Table 3: Categories of pumps 

 

 

A) Volumetric pumps  

 

 

 

 

Piston pumps 

a) Single cylinder pumps 

b) Polycylindrical pumps 

c) Pumps with axial pistons 

 

 

Rotating pumps 

d) Pumps with blades 

e) Gear pumps 

f) Screw pumps 

g) Lobe pumps 

B) Non-volumetric pumps Centrifugal pumps 

Axial pumps 

 
A more difficult problem is to make a rotating machine that can be used as a working machine or a 
power machine, that is, in theory, a "reversible" machine [11,12]. 
Such a type of machine must ensure: 
- transformation of the useful moment with minimal losses when it works as a working machine; 
- the full use of the energy of the working agent to actuate the shaft when it works as a force 
machine. 

2. Rotating volumetric pump with two profiled rotors with triangular-shaped rotating pistons 

In this version, the rotating piston has the shape of a triangle due to the materials strength (figure 
1). For the specified values for Rr, z, the base of the piston triangle (i.e., the piston section) was 
dimensioned.  
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Fig. 1. The operating principle of the rotating volumetric machine 
1- suction chamber; 2 - lower casing; 3- lower rotor; 4- upper rotor; 5- upper casing; 6 - rotating piston;           

7- driven shaft; 8 - driving shaft; 9- discharge chamber; 10 - cavity into which the piston of the upper rotor 
enters. 

 

The fluid in the chamber (1) is taken up by the rotating pistons (6) and transported to the discharge 
chamber (9). 
On the shafts 7 and 8 two toothed wheels are mounted (figure 2) which form a cylindrical gear; 
thus, the penetration of the pistons 6 from the upper rotor into the cavities 10 from the lower rotor 
(3) is ensured. 
 

1

2

 

Fig. 2. Cylindrical gear mounted on the shafts of the two rotors 

1 – suction chamber; 2 – discharge chamber; 3 – lower rotor; 4 – upper rotor; 5 – cylindrical gear. 
 

Profiled rotors can have different shapes (figure 3): 
Variant I: rectangular blades; 
Variant II: an isosceles triangle; 
Variant III: a curvilinear profile.  
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Fig. 3. Rotor with rotating pistons 
1- rectangular lamella; 2- triangular profile; 3- curvilinear profile 

 

3. Calculation of the flow rate transported by the machine with profiled rotors with rotating 
triangular pistons 

Figure 4 shows a cross section through the rotating machine. 

  

Fig. 4. Cross-section through the rotating working machine 
1 - upper casing; 2 - lower casing; 3 - upper rotor; 4 - lower rotor; 5,6 – shafts; 

  7 - triangular piston; 8 - the cavity into which the piston enters. 
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The paper will analyze the case where the rotating pistons of the two rotors have a triangular 
shape.  
The contour of the rotor was established after the elaboration of a very complicated calculation 
program and the construction of the rotors was carried out on a computer numerical control center 
(C.N.C) [13, 14]. 
The constructive solution ensures a good resistance of the piston and two sealing zones: between 
the piston tip and the inside of the casing and between the piston tip and the cavity. 
As one can see in figure 4, the useful volume Vu is reduced by the volumes of prisms ABC and 
A'B'C'; it is equal and together will give the volume of a piston of triangular section, i.e., a prism 
with dimensions: 
-height: z = 30 [mm]; 
-base: b = 30 [mm]; 
-length: l = 50 [mm]. 
The cross-sectional area between the base of the prism and the rotor is neglected. The volume of 
this prism will be [15]: 

 
1 1

0.03 0.03 0.05
2 2

p baseV A l b z l          ;    
3 30.0225 10 [ / ]pV m rot             (1) 

Compared to the theoretical flow transported by the machine, in version I: 

3r
I r

n
V lz(z 2R ) [m / s]

30
    , the theoretical flow of the machine in this version will be reduced 

by VpII 
The fluid flow rate transported by a rotor: 

  ,

3 /2u r p II m rotV lz z R V                                                     (2) 

The machine has two identical rotors, so the flow rate will be: 

                                      
3

3
/

1
( 2 )

2 0

r
u r

n
V lz z R b m szl

           
                                              (3) 

For the same data as in variant I, but in addition: b = 0.03 [m], and the same speed, a flow rate is 
obtained: 

               u

1 500
V 0.05 0.03 0.03 2 0.05 0.03 0.03 0.05

2 30

            
                         (4) 

                      
3 3

uV 0.00983 [m / s] 35.388 [m / h]                                (5) 

 

                                                             Table 4: The values of ( )rV f n - Variant I 

nr [rev/min] 100 200 300 400 500 

IV  [m3/s] 0.002041 0.004082 0.006123 0.008164 0.010205 

IV  [m3/h] 7.3476 14.6952 22.0428 29.3904 36.738 

                                                                                Table 5: The values of ( )rV f n - Variant II 

nr [rev/min] 100 200 300 400 500 

IIV  [m3/s] 0.001966 0.003932 0.005898 0.007864 0.00983 

IIV  [m3/h] 7.0776 14.1552 21.2328 28.3104 35.388 
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                                                                   Table 6: The values of ( )rV f n  - Variant III  

nr [rev/min] 100 200 300 400 500 

IIIV  [m3/s] 0.00190977 0.00381953 0.0057293 0.00763907 0.0095883 

IIIV  [m3/h] 6.87516 13.75032 20.62548 27.50064 34.3758 

 

Based on the data from table 4, 5 and 6, the function ( )rV f n - was represented in figure 5. 

 

 

Fig. 5. Graphical representation of the function ( )rV f n  for different machine speeds 

Variant I - rectangular blade shape piston, Rr = 50 [mm], z =30 [mm]; 
Variant II - piston in the form of an isosceles triangle, Rr = 50 [mm], z =30 [mm]; 

Variant III - curvilinear piston, Rr = 50 [mm], z =30 [mm]. 
 

From figure 5, one can see that the flow rate transported by the rotating machine is the highest in 
the case of variant I (the rotor is provided with rectangular blades).  

4. Calculation of the theoretical driving power for the volumetric pump 

The theoretical driving power of the rotary machine for the three constructive solutions can be 
calculated as follows [16,17]: 

  ( 2 ) [ ]
30

r
r

n
P V p l z z R p W                                              (6) 

2[ / ]p g H N m                                                      (7) 

where: 

* V  – volumetric flow rate [m3/s]; 
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* ∆p – pressure increase [N/m2]; 
* ΔH – pumping height [m]; 
* ρl – density of the transported fluid [kg/m3]. 

The total pressure increase achieved by the pump (𝛥p) changes when the pump speed increases; 
the hydrostatic load and pressure losses occurring in the hydraulic circuit of the pump are 
evaluated at about 4 mH2O [18- 20]: 

2

3 510 9.81 4 0.3924 10 [ ]H Op g H Pa                                  (8) 

Next, based on the values of the flow rates previously obtained, the theoretical driving power is 
calculated. 
For nr = 500 [rev/min], substituting the values in relation (6) one can obtain: 
Variant I - piston in the form of a blade: 

   50.010205 0.3924 10 400.044 [ ]P V p W                                   (9) 

Carrying out similar calculations, the values of P are obtained for nr = 100, 200, 300, 400 and 500 
[rev/min] presented in table 7, 8 and 9. 
 

                                                               Table 7: The values of ( )rP f n - Variant I 

nr [rev/min] 100 200 300 400 500 

P [W] 80.088 160.177 240.266 320.355 400.444 

                     

Variant II - piston in the form of an isosceles triangle: 

                             
50.00983 0.3924 10 385.729 [ ]P W                                 (10)    

                       

                                                                                 Table 8: The values of ( )rP f n - Variant II 

nr [rev/min] 100 200 300 400 500 

P [W] 77.145 154.291 231.437 308.583 385.729 

 
Variant III - curvilinear shaped piston: 

50.00954883 0.3924 10 374.696 [ ]P W                                 (11)    

 

                                                                         Table 9: The values of ( )rP f n  - Variant III  

nr 
[rev/min] 

100 200 300 400 500 

P [W] 74.939 149.878 224.817 299.756 374.696 

 

Based on the data in tables 7, 8 and 9 the function ( )rP f n  was graphically represented in figure 

6, for the three constructive variants. 
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Fig. 6. Graphical representation of the function ( )rP f n  for the three constructive variants 

Variant I - rectangular blade shape piston, Rr = 50 [mm], z =30 [mm]; 
Variant II - piston in the form of an isosceles triangle, Rr = 50 [mm], z =30 [mm]; 

Variant III - curvilinear piston, Rr = 50 [mm], z =30 [mm]. 
 

From figure 6, a linear dependence is observed between the theoretical driving power and the 
speed of the rotating machine. 
Obviously, if the flow rate for variant I is the highest, then the driving power will also be higher 
(variant I). 

5. Conclusions  

1. The flow rate transported by the rotating machine varies according to the following: 
-  the geometric parameters: l – rotor length [m]; Rr – rotor radius [m]; z – piston height [m];  
- the functional parameters: nr – machine speed [rev/min]. 
2. The driving power is influenced by the flow rate (that is, by the parameters mentioned above) by 
the increase in pressure (Δp) achieved by the rotating machine between suction and discharge, by 
the nature of the transported fluid. The pressure increase produced by the rotating machine must 
overcome the hydrostatic load and the pressure losses occurring on both the suction circuit and 
the discharge circuit of the pump. 
3. In variant I (pistons in the form of rectangular blades) the flow rate transported by the rotating 
machine will be the highest compared to variant III. 
This high flow rate will require a higher driving power of the machine: [ ].I II IIIP P P W   
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Abstract: Two-Degree-of-Freedom control systems, abbreviated as 2-DOF, have two independent adjustable 
closed-loop transfer functions. One is feedback type PID control (proportional – integral – derivative) and the 
other one is feedforward type control. This kind of control combines the advantage of feedback and 
feedforward type controllers. On the other hand, the accessibility of programmable logic controller, abbreviated 
as PLC, with real-time signal processing performance for the control of fast systems (such as hydraulic drives), 
enables the implementation of high-performance control algorithms that are executed in real time. The paper 
presents the software implementation in a common PLC of a 2-DOF type controller as well as its monitoring 
and parameterization software application.  

Keywords: Hydraulic drive, actuator, controller, PLC 

1. Preliminaries 

This chapter presents a brief introduction to the theory of control systems with two degrees of 
freedom used to implement the controller. The specific requirements for using 2-DOF controllers in 
hydraulic drives are also presented. 
A general form of the 2-DOF control system is shown in fig.1, where the controller consists of two 
compensators C(s) and Cf(s), and the transfer function Pd(s) from the disturbance d to the controlled 
variable y is assumed to be different from the transfer function P(s) from the manipulated variable u 
to y. C(s) is called the serial (or main) compensator and Cf(s) - the feedforward compensator [1]. 
 

 

Fig. 1. Two degree of freedom (2-DOF) control system 

We consider that 𝐻(𝑠) = 1, 𝑑𝑚 = 0       (1) 

and 𝑃𝑑(𝑠) = 𝑃(𝑠)       (2) 

Under these assumptions, (1) and (2), a 2-DOF PID control system is shown in fig. 2. Considering 
that the major advantage of the PID controller lies in its simplicity, it was proposed to include only 
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the proportional and/or the derivative components in Cf(s). The controller part is a two-input one-
output system where the set-point variable r and the controlled variable y are the input signals and 
the manipulated variable u is the output signal. Thus the feedforward path from r to u is adding to 
the conventional PID command. 
 

 

Fig. 2. Feedforward type of the 2-DOF PID control systems 

 
Mainly, hydraulic drives have two types of actuators, position-controlled linear actuators and speed-
controlled rotary actuators. For position-controlled linear actuators, it is necessary to calculate the 
feedforward path command as the derivative of the reference point because this command value 
(derivative of the reference point) is proportional to the speed of the manipulated variable (α=0), 
while for speed-controlled rotary actuators the feedforward path command is proportional to the set-
point value because the actuators speed (manipulated variable) is also proportional to it (ß=0). 

2. Controller implementation - PLC software and hardware 

Modicon IIoT-native edge controllers manage complex interfaces across assets and devices or 
directly into the cloud, with embedded safety and cybersecurity. Modicon provides performance and 
scalability for a wide range of industrial applications up to high-performance multi-axis machines and 
high-available redundant processes [2]. Modicon M221, an entry-level PLC, was used to implement 
the 2-DOF PID control algorithm. The software development platform for this PLC is 
EcoStruxureMachine Expert - Basic, free licence, programing software for M221 controllers.  
The hardware platform was built around a TM221CE24T controller with the following characteristics: 
14 digital inputs, 10 sources transistor outputs (0.5 A), 2 analog inputs, 1 serial line port, 1 Ethernet 
port, 24 Vdc power supply controller with removable terminal blocks. A TM3AM6 analogic expansion 
module is required to interface the actuator with the PLC. TM3AM6 has the following characteristics: 
4 analog inputs (+- 10 V, 0-10V, 0-20 mA, 4-20mA) and 2 analog outputs (+- 10 V, 0-10V, 0-20 mA, 
4-20mA), 12 bits, removable terminal blocks. 
The program running on the PLC implements the operation of the 2-DOF controller and is developed 
in the ladder diagram language. Thus, the configuration of the controller is established by positioning 
some bits such as: 
- enabling feedforward control 
- enabling feedback control (PID or PI+feedforward) 
- enabling S-curve generator [3] on set-point path 
- sign reversal enabled for controlled variable  
- derivative value of set-point for feedforward control, default is set-point value 
The value of the process command, manipulated variable, is:  

   𝑢(𝑡) = 𝐾𝑃 ∗ [𝑒𝑟𝑟(𝑡) + 𝑇𝐷 ∗ 𝑑 𝑒𝑟𝑟(𝑡)𝑑𝑡 + 1𝑇𝐼 ∗ ∫ 𝑒𝑟𝑟(𝜏)𝑑𝜏𝑡0 ] + 𝐾𝐹 ∗ [𝑑 𝑠𝑝(𝑡)𝑑𝑡 ; 𝑠𝑝(𝑡)]     (3) 
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where if feedforward control is enabled then TD=0 and KF<>0 else TD<>0 and KF=0. 
Other parameters of the controller that can be set by the user are: 
- proportional gain KP 
- derivative time TD (if feedforward is disabled) or feedforward transfer factor KF (if feedforward is 
enabled) 
- integral time TI 
- proportional weight 
- derivative weight 
- integral weight 
- maximum error for reference (if S-curve generator is enabled) 
- maximum speed for reference (if S-curve generator is enabled) 
- maximum acceleration for reference (if S-curve generator is enabled) 
- maximum jerk for reference (if S-curve generator is enabled) 
- scaling factor for reference an controlled variable values 
- scaling factor for speed 
- scaling factor for acceleration 
- scaling factor for jerk 
The establishment of these values is carried out through the Ethernet interface of the controller using 
the MODBUS over TCP/IP protocol. 

3. Controller monitoring and parametrization - PC software 

To monitor and parameterize the 2-DOF controller, it was necessary to develop a software that runs 
on a computer located in the same network as the controller. It was developed using the Lazarus 
free programming environment and the Free Pascal programming language [4]. 
The software main window is shown in fig. 3. This window enables one to monitor the process 
parameters in graphical form, measuring the values on the graph as well as viewing the controller 
configuration and the state of communication with it. 
 

 

Fig. 3. PC software – main window 

 
Fig. 4 shows the window of the program that allows the establishment of the functional parameters 
of the 2-DOF controller. 
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Fig. 4. PC software – 2-DOF controller parameters window 

4. Experimental setup 

The presented controller was tested on the experimental setup shown in fig. 5 and fig. 6, respectively 
on a position-controlled linear actuator. 
 

 

Fig. 5. Experimental stand 
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Fig. 6. Controller, waveform generator and PC 

 
Fig. 7 shows the functional diagram of the test stand. 
 

 

Fig. 7. Experimental stand diagram 

 
The hydraulic cylinder is actuated by an electrohydraulic flow servo valve powered by a hydraulic 
station capable of providing a pressure of 150 bar at a flow rate of 60 litres/min, which allows a 
maximum speed of 0.66 m/s to be obtained and a maximum force whose value is 1100 daN at the 
level of the hydraulic cylinder rod. The position of the cylinder rod, which has a maximum stroke of 
200 mm, is monitored with the help of an LVDT type position transducer with a measurement range 
of 200 mm. The control signals of the linear hydraulic axis are generated with the help of a WW5061 
- TABOR ELECTRONICS digital signal generator [5] and allow the evaluation of the performance of 
the static and dynamic regime of the hydraulic axis. 
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5. Experimental results 

To evaluate the position control performance of a hydraulic linear actuator, a step reference signal 
was applied and the response of the actuator was monitored.  
 

 

Fig. 8. Set-point and actual value of position, 70 mm step, 1-DOF PID regulator KP=4, TI=100 ms, TD=10 ms 

 

 

Fig. 9. Set-point and actual value of position, 70 mm step, 2-DOF PI regulator KP=4, TI=100 ms, KF=10 
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Fig. 10. Reference and actual value of position, 70 mm step, 2-DOF PI regulator and S-curve generator on 
set-point path KP=4, TI=100 ms, KF=10, vmax=0.4 m/s, amax=20 m/s2, jmax=175 m/s3 

 
Three tuning algorithms were used: 1-DOF PID feedback (fig. 8), 2-DOF feedforward and PI 
feedback (fig. 9), respectively 2-DOF feedforward, PI feedback and S-curve generator on the set-
point path shown in fig. 10. The blue trace is the reference position and the green trace is the actual 
position. 
The maximum pressure of the hydraulic group is set to 50 bar, which allows a maximum speed of 
0.5 m/s without load. 
1-DOF PID feedback shown in fig. 8 has an aperiodic response with a rise time of 200 ms. 2-DOF 
feedforward and PI feedback, fig. 9, has a periodic response with a rise time of 150 ms and 3.5 mm 
overshot (5% of step value of 70 mm), while 2-DOF PI regulator and S-curve generator on set-point 
path (fig. 10) has an aperiodic response with a rise time of 160 ms. 

6. Conclusions 

The two-degree-of-freedom controller developed as software on PLC hardware support has 
experimentally confirmed its functional performance in the field of hydraulic drives obtained by using 
advanced control algorithms. The authors have also demonstrated the functionality of the PC 
software for controller monitoring and parameterization.  
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Abstract: The aim of the paper is to outline the potential solutions for operation of construction machinery 
using energy obtained from renewable sources. "Green" machines for construction have zero-emissions and 
are silent, therefore they are recommended to be used in the urban environment. This paper presents the 
proposed platform for the experimental study carried out in order to use solar energy as an energy source, 
which is stored in batteries with various capacities and its direct use in processes with energy consumption 
fluctuations, such as soil digging process. 

Keywords: Renewable sources, construction machineries, energy efficiency, environment   

1. Introduction  

Importance of the subject from a scientific, technologic, socio-economic or cultural point of 
view. Within the context of global warming, the energy crisis and the ever-increasing price of 
petroleum, there is a need to reduce the energy consumption and pollution of construction 
machinery. The current geopolitical context imposes the reduction of our dependency on fossil fuels 
and the identification of alternative solutions for the actuation of construction machinery. In order to 
fulfill these requirements, we can look towards the field of automobile development, where a variety 
of actuation solutions are currently being studied, some purely electrical and some hybrid. Some of 
these solutions can also be applied to construction equipment – one prime example being the hybrid 
excavator. Electric actuation technologies have become increasingly popular in the field of 
construction equipment over the past few years, with them being increasingly able of providing the 
necessary power, functional safety and reliability for such applications, while also offering reduced 
fossil fuel consumption and lowered pollution. Studies have been conducted on purely electrically 
actuated construction machinery systems, which are based on energy storage units (ESUs) and 
electromotors (EMs). In order to ensure a high enough autonomy of the equipment and proper 
dynamic performance under shocks, both the ESU and the EM need to have high energy capacity 
and power. Table 1 lists the characteristics of the most usual ESUs [1]. 
 

                                                                                              Table 1: Energy storage units (ESU) 

ESU Type 
Pb 

Battery 
Flywheel Supercondensator 

Hydraulic 
Accumulator 

(HA) 

NI-MH 
Battery 

Li 
Battery 

Specific power (W/kg) 75-300 400-1500 500-5000 2000-19.000 150-200 250-340 
Specific energy (Wh/kg) 30-50 10-30 2.5-5.5 2 100-120 75-200 
Energy capacity (Wh/L) 50-80 20-80 35 5 150-180 200-500 

Nr.of cycles 
500-1500 200.000 100.000 100.000 2500 2000-

10.000 
Efficiency <80% ≤96% ≤95% 90% 90% ≤95% 
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2. Analysis of current state-of-the-art within the conetxt of the project’s scope 

The field of aviation is also strongly oriented towards electrical actuation solutions (usually called 
PBW – „Power-By-Wire” technologies). These PBW solutions are used to extend the applicability of 
electrical acuation systems towards aeronautic control systems. A PBW actuation system (fig.1) 
transports electrical energy between various systems using wires and cables, instead of hydraulic 
pipes, which increases aircraft performance. 
The advantages offered by PBW actuation systems are increased reliability, due to the absence of 
hydraulic fluids which are flammable, reduced weight, volume and complexity of the energy transfer 
systems, reduced costs and complexity of maintenance, higher energetic efficiency and improved 
dynamic characteristics [2]. 
 

 

Fig. 1. Actuators using PBW technology: a) EHA, b) EMA, c) HSA 
 

The innovative solution proposed by this project is the use of solar panels as main energy source, 
storing the energy in accumulators of various capacities (depending on desired autonomy) and using 
said energy directly for processes with large fluctuations of energy consumption (like digging 
operations), all without requiring intermediary power sources.  
Green construction equipment (which are electrically powered and actuated) have zero polluting 
emissions [3][4] are far more silent, which would allow them to function continually in densely 
populated areas, even during night hours, without disturbing the local population [5]. All these 
characteristics translate to a positive impact to society through increased work efficiency, 
productivity, functional safety and reduced influence on the environment [6]. A variety of electrically 
powered and actuated construction equipment is presented in fig. 2-7. 
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Fig. 2. E10e Mini Excavator  

 
The Bobcat E10e [7] has a state-of-the-art Lithium-Ion, maintenance-free battery pack with an 
advanced management system, designed to fit within the standard machine envelope to maintain 
the machine’s ZTS profile. Following the daily working routine, the E10e can operate throughout a 
full 8-hour day, using operator breaks to recharge the batteries. Using an external super-charger 
functionality, the batteries can be recharged to 80% of battery capacity in around 1 hour. The battery 
can also be recharged overnight by using the on-board charger from a standard 230V grid. In 
addition, the new machine is easy to maintain and safe to operate – thanks to the exclusive use of 
low voltages, there is no need for operators to have special authorization to work with the E10e. 

 
Fig. 3. The 19C-IE electric compact excavator 

 
The new JCB 19C-IE [8] has maintenance free batteries, needs minimal daily checks and requires 
less servicing, saving rental companies, hirers and owner operators time and money. No engine and 
associated items significantly reduce servicing time and equipment. No need for emissions extraction 
saves on wages and equipment. No engine liquids to check saves you time and money. Electricity 
is a lot cheaper than fossil fuel. The new 19c-1e gives you the freedom to work anywhere, anytime 
with quick charging and long battery life. The machine’s 4 battery pack lets you work for 5 hours on 
a standard application (equivalent to a full day). 3 charging options: 110V, 230V and 415V let you 
get to work when and where it suits. 
The JCB 19c-1e electric mini excavator generates less noise than many household appliances, 
making it ideal for urban areas and indoor applications and allowing better communication with co-
workers. Noise at the operator station is a huge 10 dB less than the diesel version.  It allows for ‘out-
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of-hours’ working, to maximise time on site and speed up the job. The 19C-1E is fitted with a blue 
light indicator to show the machine is running. Three single flanged bottom rollers allied with short 
pitch tracks ensure a quiet, smooth ride. 
The JCB 19c-1e electric mini excavator is safer for the environment, operators and bystanders, and 
is ideal for working indoors and in urban areas. Zero emissions and low noise levels make for safer 
working conditions. The 19C-1E operates completely free of any trailing tethers. JCB’s unique 2GO 
system safely isolates all the controls. 
 

 
Fig. 4. XCMG Electric Excavator 

 
Cummins collaborated with XCMG [9], the 4th largest construction machinery company in the world, 
to design and build the 3.5-ton electric excavator, which will serve as a technology demonstrator. 
Often operating on work sites in densely populated towns and cities around the globe, construction 
equipment must meet stringent emissions requirements and keep noise and disruption to a minimum 
while getting the job done. The new electric excavator is suitable for working conditions that require 
more stringent environmental standards and noise reductions. 

 

Fig. 5. PC30E-5 Mini Electric Excavator 
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The Komatsu-original electric PC30E-5 [10] achieves a clean work environment. It can be deployed 
to a diverse range of workplaces, such as indoors, piping work, urban construction, and landscaping. 
As its power source is an electric motor, this model does not generate loud noise like internal 
combustion models. Even while the machine is in use, it is easy for the operator to communicate 
with workers near the machine, which improves workplace safety. This machine can also be 
deployed at workplaces where you need to consider construction noise, such as residential areas, 
near the hospitals and at night. Reducing the operator’s fatigue, thanks to no engine vibrations. As 
no internal combustion engine is mounted on this machine, the vibrations which are transmitted to 
the operator are outstandingly improved. With low levels of stress or fatigue, the operator can 
perform work comfortably. Making the work environment comfortable by reducing the amount of heat 
generated Heat generated by the machine is very small, as it has no engines. As it also gives almost 
no heat around the machine, the machine also helps improve the work environment. 

 
Fig. 6. Volvo ECR25 Electric Excavator 

 
The lower noise levels that the ECR25 Electric offers enable you to work anytime, anywhere – even 
at night in populated areas [11]. This can lessen the disturbance inner city work can cause and 
reduce congestion at peak times, all the while increasing your efficiency. It also creates a more 
pleasant working environment for you and your colleagues with whom you can clearly communicate 
whilst operating.  The ECR25 Electric features a zero-tail swing radius design making it perfect to 
confidently work in confined spaces. Moreover, thanks to zero emissions, the need for costly fumes 
extraction systems is eliminated in indoor jobs, such as basement groundworks and building 
demolition.  
 

 

Fig. 7. EX02 electric excavator prototype 
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This opens up new business opportunities which in turn helps optimize utilization • No emission 
locally • Sound level down tremendously • Maintenance free battery • Low electricity cost • No power 
consumption when machine not working • Low vibration • Color display with jog wheel navigation • 
Intuitive and easier to operate • Full LED lighting • Blows less dust • Same performance as its diesel 
equivalent • Ultimate lifting capacity • Zero-tail swing radius • Front corner stays within tracks width 
• Wide range of Volvo attachments.  
Volvo Construction Equipment (Volvo CE) [3] unveiled its latest concept machine – known as the EX02 
– to industry specialists, policymakers, the media and academics at the Volvo Group Innovation 
Summit on May 2017. The 100% electric compact excavator prototype delivers zero emissions, 10 
times higher efficiency, 10 times lower noise levels and reduced total cost of ownership compared to 
its conventional counterparts. It is believed to be the world’s first fully electric compact excavator 
prototype. 
The Volvo Group defines electromobility as ‘commercial vehicles and machines that can utilize an 
electrical motor to propel or to perform the main purpose of the machine’. To make the EX2 prototype 
fully electric, the combustion engine has been replaced with two lithium-ion batteries, totaling 
38KWh, which store enough electric energy to operate the machine for eight hours in an intense 
application, such as digging compact ground. The hydraulic architecture has also been replaced with 
electric architecture, which incorporates electromechanical linear actuators that help to optimize the 
transmission chain. Removing the hydraulic system and the combustion engine, as well as reducing 
the cooling needs, has led to significantly lower noise levels 
The field of electrically actuated construction machinery is new and in continous development. Like 
in every new domain, there are emergent issues with the large scale implementations of such 
solutions, due to lack of experience and knowledge related to actuation solutions, energy storage 
systems, system reliability and lackluster training of maintenance personnel.  
For the validation of an electrical actuation system, using solar panels and energy storage units, an 
experimental stand will be used in order to simulate the actuation of an excavator’s arm during 
digging operations. The characteristics of the experimental stand are presented in fig. 8. 
 

 

Fig. 8. Experimental Stand 

 
The experimental stand is composed of the following elements (fig. 9-15): 

1. PV – photovoltaic monocrystalline solar panels, with a maximum power of 375 W (fig. 9); 
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Fig. 9. Solar panels 
 

2. BAT –Deep Cycle Gel type electric accumulators, with a 12 V  voltage and an energy capacity 
of 150 Ah (fig. 10); 

 

Fig. 10. Electric accumulator 

 
3. MPPT –SmartSolar type solar charge controller with a maximum voltage of 100V and 50 A 

current , with Bluetooth connectivity (fig. 11); 

 

Fig. 11. MPPT charge controller 
 

4. CS – solar system monitor – Victron app; 
5. CM – electromechanic actuation command system, using  a Controlino type PLC controller; 
6. BR – metallic excavator arm – welded structure made out of S235 carbon steel (fig. 12); 
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Fig. 12. Metallic excavator arm 

 
7. M – actuator functionality monitoring system. This is composed of and Arduino Mega 

controller which collects and stores the data generated by a rotative encoder mounted on the 
mechanical joint of the excavator arm, by a linear encoder mounted on the electromechanic 
actuator and by a force transducer; 

8. DM – force transducer with a capacity of 1000kg (fig. 13); 

 

Fig. 13. Force transducer 

 
9. AC – electromechanic actuator, with an optimum operating voltage of 12 V (fig.14); 

 

Fig. 14. Electromechanic actuator 
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10. SM – metallic structural base – welded out of S235 carbon steel (fig. 15). 

 
Fig. 15. Metallic structural base 

 
The proposed solution does not necessarily imply the mounting of the solar panels directly on the 
construction equipment. The experimental stand could also be adapted into a stationary charging 
station.  
The originality of the project stems from the use of green energy sources in the field of construction 
machinery with the intent of reducing fossil fuel and noise pollution, thus having a positive impact on 
the quality of life on a construction site and in nearby environments. There is a current demand for 
reduced pollution in urban construction sites. Real-estate developers are stimulated, from the very 
first stages of a construction project, to use alternative energy sources, such as solar panel arrays 
mounted in construction sites during initial organizational stages of a project. 
This way, there is a source of alternative green energy on site, which can be used for the powering 
of construction equipment. The aim of the proposed project is to obtain an algorithm for the balance 
between the consumption of energy by construction equipment and the amount of energy stored in 
the electric accumulators. 
The optimisation of the actuation system for an excavator arm fuelled by solar panel energy can be 
performed using an experimental model built for this purpose. The actuator must be driven in such 
a way that peak loads are as low as possible, while also taking into account the capacity and other 
performance characteristics of the electric accumulators. 
In the case of a large number of very short, high peak electrical spikes, the batteries will undergo a 
rapid deterioration, which leads to premature discharge events. In order to limit the occurence of 
such phenomena during digging operations, a damping sequence for the power spikes absorbed by 
the actuators must be developed. This sequence must be able to be peformed in parallel with the 
other activities in which the operator of the equipment is involved and independent of the operator’s 
control. Such a system could be succesfully implemented into predefined, automated digging 
programs offered by the construction equipment.  
For the actuation system of the experimental model’s excavator arm, various actuation sequences 
will have to be developed, which take real digging regimes into account and which feature the proper 
damping algorithms for peak loads. The first step to achieve this goal is to pergorm a SolidWorks 
simulation in which various digging sequences are tested. These sequences will then be later 
evaluated and validated by comparing theirs actual physical results obtained from the experimental 
stand. The SolidWorks simulation is presented in fig. 16. 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2022 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 9-10, Băile Govora, Romania 

 

 
95 

 

 
Fig. 16. SW simulation of the functionality of an actuation system for the arm of an excavator 

 
Using SolidWorks Motion Analysis [12], the system was tested in a virtual environment, where 
several work scenarios were created. The following were taken into consideration: 

- Different loads on the excavator’s bucket an on the excavator’s arm, which is driven by the 
electromechanic actuator;  

- Different positions of the boom arm relative to the stick arm during digging operations;  
- Various digging programs – in terms of velocities and accelerations applied at 

electromehcanical actuator level. 
One possible scenario has been thus defined: 
Following completion of the simulation we have obtained the following trajectory of the boom arm 
joint and the required force to properly acutate the arm (fig. 17). 

 
Fig. 17. Trajectory of the boom arm’s joint 

 

With the help of the simulation produced by SW Motion Analysis, the necessary power required to 
drive the electromechanic actuator has been estimated, together with the required energy which the 
actuator must draw from the batteries. Multiple iterations of the simulation were run, with various 
values for the load on the boom arm’s final mechanical joint, as well as for the velocity and 
acceleration at the excavator arm level, which resulted in the simulation of real-life work scenarios 
(fig. 18). In figure 19 are presented the results of a simulation where 1000 N of force were applied to 
the final joint of the excavator arm. The model’s own weight was also taken into account, which 
resulted in a 45 mm displacement at the actuator rod’s level, the excavator arm being raised for a 
duration of 2 seconds, then lowered back to initial position in another 2 seconds, followed by yet 
another 5 mm raise of the arm in one second. 
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Fig. 18. Scenario for the electromechanical actuation of the excavator arm model 

 
 

 
Fig. 19. 1000 N load applied to the final joint of the excavator arm  

 
 

 
Fig. 20. Power at the electromechanic actuator level and the variation of the angle between arm and base 
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Fig. 20. (continued) Power at the electromechanic actuator level and the variation of the angle between arm 

and base  

 
Following the simulation, the maximum necessary force for driving the electromechanic actuator has 
been calculated at 10354 N and power spikes have been detected during the simulation run (fig. 20) 
which must be optimised in the case of using photovoltaic panels and battery packs to power such 
an actuator. These power spike are present and detected even during fairly simple work scenarios. 
Simulations run for much more complex work sequences have determined the necessity of 
optimizing the functionality of the electromechanic actuator. 
The optimisation will be performed through an actuation sequence which will be obtained by 
corellating results obtained from the simulation with future results obatined through experimental 
means. 

3. Conclusion 

Based on the performed research, the ever-increasing interest in electrical actuation solutions for 
construction machinery can be confirmed. The use of such equipment is well suited for urban areas 
and enclosed spaces where internal combustion engines can’t be used due to polluting emissions. 
Such methods of actuation would also prove very welcome in the fields of food industry, agriculture 
and interior spaces of public buildings where the rupture of a hydraulic system component could 
cause oil contamination of aforementioned spaces. Various technological advances are currently 
being made in terms of development of electromehcanic actuation solutions for construction 
equipment. Electric actuation for such pieces of machinery is also being taken into consideration for 
far future applications, such as digging in low temperature vaccum environments, like space or 
exoplanets. 
In order to validate the possibility of using an electromechanical actuation system, a series if 
simulations have been performed in a virtual environment. Following these simulations, load spikes 
were detected, which must be dampened when using our proposed solution for energy production 
and storage. In order to properly use solar panels to produce green energy and store said energy in 
rechargeable battery packs, some type of load spike correction must be implemented in the 
command and control module of the actuation system. In this way, the equipment will function 
properly, corecting the load spikes, independent of the commands issued by the operator. 
Corrections will be performed based on the position of the excavator arm and the measure load on 
the excavator bucket. 
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Abstract: In this paper, the dynamic aspects of the pneumatic propulsion of a pellet are presented. The 
numerical simulation was performed in the Simcenter AMESim program. Mechanical, pneumatic and signal 
component libraries were used; the air model used is an advanced (real) dry air model, namely the Redlich - 
Kwong - Soave model, in order to obtain results as close as possible to reality. The variation in time of the 
piston and pellet parameters with different masses, the variation of displacement versus velocity, the force 
exerted by the piston on the pellets and the pressure in the pneumatic chamber were determined. 

Keywords: Pneumatic propulsion, numerical simulation, dynamical aspects 

1. Introduction  

Nowadays, the most important aspect of air use is its ability to be compressed. Thus, since pressure 
is defined as force divided by surface area, pressure can be converted into force, which applied to a 
piston in a circular bore, can produce translational displacement [1]. 
The disadvantages of pneumatic equipment lie in its limitations: both the forces and moments 
produced by pneumatic motors are low and the compressibility of the air prevents precise adjustment 
of operating parameters [2]. 
Beater presented the basic concepts of pneumatic (air) propulsion [3]. In this paper, some of the 
more dynamic aspects of pneumatic propulsion will be addressed, in particular the use of mechanical 
components and pistons. 
Pneumatic pistons are cylinders that convert air pressure into mechanical force. The study of this 
force includes the investigation of motion, velocity and the effect of friction. There are many ways to 
determine the dynamics of pneumatics, but researchers most often use either a vector or a moment-
balance approach[4]. 
Special attention is paid to the effect of the piston's weight on the pellet's dynamics. According to the 
simulations, the pellet’s acceleration and deceleration phases are affected by the weight of the 
piston. It fluctuates as a function of the system’s compressional and thermal properties, and it is not 
possible to determine the precise force exerted by the system on the pellet without a detailed 
analysis. However, it is possible to make some general statements about the nature of the force. 
The force exerted by the system on the pellet will be greater when the system is close to its 
equilibrium state. 
A typical spring-powered air propulsion system can be seen in figure 1. The trigger sear and its 
connection to the trigger blade are substantially simplified in the top example, which depicts the 
system action in the cocked position. Trigger geometry is far more complicated than what is seen in 
the figure. The system’s motion is seen in the bottom picture after it has fired but before the projectile 
has made it all the way to the barrel's muzzle [5]. 
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Fig. 1. Pellet propulsion diagram [5] 

 

As seen in the image, a pellet is propelled forward by the compressed air resulted from the action of 
the spring. Frequently, the front of the spring contacts a spacer, whereas the back of the spring 
contacts a flat washer. The front spacer's function is to support the spring and increase the piston's 
total weight. Controlling the deflection energy held by the spring is the function of the rear spacer. 
A transfer port is used to send high-pressure air to the breech. Through the transfer channel, the 
transfer port joins the breech and compression chamber.  
The compression chamber will withstand some of the high-pressure air during firing, and the 
compression chamber model is created to include both cavities or pockets in the seal itself, where 
high-pressure air can become trapped when the firing mechanism is activated. The compression 
chamber model geometry is depicted in figure 2. It is obvious that seal cavities can be dealt with by 
effectively changing the chamber capacity, but the transfer channel needs further consideration [5].  
If the piston's journey reaches its design-working stroke, it stops and bounces backward. For high-
performance spring-piston propulsion systems, this is the most typical scenario, in which the piston 
physically hits the chamber end after reaching it. The pellet has not yet left the honed pipe at this 
point as the piston velocity reduces to zero. The piston then springs backward. As a result, the spring 
partially recompresses and its velocity acquires negative values [4]. This makes the piston and the 
spring oscillate and cause an increase in the pellet velocity.  
 

 

Fig. 2. Compression chamber diagram [5] 

 

The thermodynamic parameters at the transfer port plane are computed beginning with the discharge 
pressure. Below a certain breech pressure, the flow at the transfer port turns sonic, and that value 
is: p∗𝑑  = p𝑐 ( 2

+1) 
−1

                                                      (1) 
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Where: 

 = CpCv  

pc – the pressure of the pressure chamber 
pd – pressure discharge 
 
Figure 3 shows the design of the honed pipe and the pellet. This measurement considers the transfer 
port's spacing as well as the pellet's resting depth in the breech. This distance is crucial for 
thermodynamics and affects the numerical conditioning of the differential equations that characterize 
the issue. 
 

 

Fig. 3. Honed pipe diagram [5] 

 𝑑𝑑𝑡 [(x0 − x𝑏)p𝑏] = C𝑏 ∗ 𝜂𝑏 ∗ �̇�      (2) 

Where: 𝜂𝑏 = 𝐴𝑑𝐴𝑏   �̇� – mass flow rate  𝑑ρ𝑏𝑑𝑡 = C𝑑∗𝜂𝑏∗�̇�−𝑣𝑏∗ρ𝑏(x0+x𝑏)        (3) 

Where: 
 𝑣𝑏 = 𝑑x𝑏𝑑𝑡  – the speed of the pellet 

 
Both a direct calculation from the model and the use of influence coefficients, which indicate the 
partial reaction of the model owing to the unit change in specific input parameters, can be used to 
estimate system performance, such as muzzle velocity, kinetic energy, reload duration, etc. [6, 7, 8, 
9]. 

2. Material and method 

The main part of this paper presents the simulation made in AMESim environment (Fig. 4). As so, 
the principle of the diagram from figure 1 has been transformed into a mathematical model that can 
be iterated in AMESim. 
To create a numerical simulation on AMESim environment, first, a deep understanding of the 
mechanical and pneumatic phenomenon that occurred during the propelling process is needed. The 
simulation sketch is illustrated in figure 4, when the trigger is released, the helical compression spring 
3, which was compressed, provides a force that is delivered to piston 4 with mass 5. The air within 
the pressure chamber 6 (a closed system that acts as an air spring) is compressed, propelling the 
pellet 9 inside the honed pipe 8, imprinting it an acceleration. 
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An advanced dried air model has been used (Redlich - Kwong – Soave) in combination with viscous 
friction for the moving parts to get results as close to reality as possible. The values used for the 
simulation can be found in Table 1. 
 

 

Fig. 4. Simulation model developed in AMESim 

 

                                                                                              Table 1: Simulation model components 

Number Simulation component Value Unit 

1 Gravitation force g = 9.801 [m/s^2] 

2 Dried air model Advanced model: Redlich - Kwong - Soave Null 

3 Helical spring 
spring rate = 3500 [N/m] 

spring pre-tension force = 400 [N] 

4 Pneumatic chamber  piston diameter = Ø0.02 [m] 

5 Piston mass 

displacement = 0.08 [m] 

mass = 0.15 [kg] 

coefficient of viscous friction = 8 [N/(m/s)] 

restitution coefficient = 0.01 Null 

higher displacement limit = 0.08 [m] 

6 Pneumatic volume 
initial temperature = 19.85 [degree C] 

volume = 1e-05 [L] 

7 Moving average iteration period = 0.15 [s] 

8 Honed pipe diameter = Ø0.05 [m] 

9 Pellet 

pellet mass = 0.0005 (reference value) 
pellet mass = 0.0008 
pellet mass = 0.001 
pellet mass = 0.0015 

[kg] 

coefficient of viscous friction = 3 [N/(m/s)] 

10 Trigger 0.11 [m] 

11 Displacement sensor gain = 1 Null 
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3. Results of virtual experimentation 

Based on the AMESim simulation network from the previous chapter and the parameters indicated 
in table 1, the results presented below were obtained: 

 

 

Fig. 5. Parameters time variation of piston and pellet 
 

Figure 5 shows the evolution of displacement of both piston and pellet, also the speed of the pellet, 
which reaches its maximum value at the trigger point x = 0.00723 [s]. The graphic also highlights the 
restitution – movement of the piston after it reaches the higher displacement limit. 
 

 

Fig. 6. XY Variation of displacement versus velocity  
 

Figure 6 presents a set of simulations made to highlight the limit distance traveled by the pellet before 
losing speed (x = 0.11 [m]). The pellet mass also influences the maximum speed it can reach, the 
heavier the pellet results in a reduced threshold speed and a longer distance traveled. 
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Fig. 7. XY Force exercised by the piston on the pellet and the pellet acceleration in time 
 

In Fig. 7, it is shown that the pellet is accelerated by a net force imposed by the air compressed by 
the piston. The resistive force is proportional to the velocity of the pellet relative to the average force 
exerted by a piston on a pellet. 
 

 

Fig. 8. Pressure in the pneumatic chamber 
  

Because the pressure inside the chamber is greater than the atmospheric pressure. This pressure 
difference causes a decrease in air resistance and an increase in pneumatic power. 
The maximum pressure that can be exerted on the pellet is determined by the ratio between the 
diameters of the pneumatic chambers and the honed pipe and the force generated by the helical 
compression spring. 
After the pellet is propelled, the spring must be recompressed and the piston must be returned to its 
starting position (a displacement of 80 [mm]) in order to produce a repeatable occurrence. A lever 
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mechanism (lever ratio 0.25 0.08⁄ ) has been included since the amount of force required to perform 

this motion directly is just too great (Fr = 680 [N]). 
 

 

a.      b. 

Fig. 9. Section diagram of the lever–piston mechanism  
 

Figure 9 shows the three components of the lever mechanism based on the Lifting-jack patent [10]: 
the rack, the pawn, and the pinion-lever. To prevent the pinion from restricting the rack movement, 
which is prevented by the pawl in figure 9.a, the torsion spring pulls the pinion-lever to the bottom of 
the slot. This allows the spring to remain compressed until the trigger is pulled. The forces, velocities 
and displacements of the mechanism can be seen in figure 10. 
Figure 9.b shows the spring decompressing, the pellet being propelled, and the trigger is pushed. 
The lever-pinion is thus raised in the slot and engaged with the rack to recompress the spring. The 
rack slides easily because of the pawl design.  
 

 
Fig. 10. Parameters of the lever – piston mechanism  
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4. Conclusions 

In this study, the mathematical model of the spring-powered air propulsion system operation has 
been developed using AMESim simulation environment. Models used for the air, gravitation and 
friction are very complex and close to reality. 
It has been demonstrated that the pellet mass influence the distance traveled by the pellet and its 
velocity, also the optimal length of the honed pipe until friction affects its speed. 
The analysis enables us to understand how various design parameters and operating conditions 
influence the performance of spring-powered air propulsion systems, the simulation can be used to 
predict and help improve the performances of the system and may be used in an industrial design 
environment for optimization purposes. 
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Abstract: Energy and biochar (BCH) are produced from vegetable biomass, with thermo-chemical 
processes, without residues and with negative CO2 emissions. Quality BCH with molar ratios O/H <0.2 and 
H/C < 0.2 contains at least 40% of biomass carbon, has 33% of input energy, is porous with a specific 
surface area of 150 – 400 m2/g.bc and has many non-energy uses.  BCH with 10% moisture can be stored 
long-term as a carbon and energy stock. BCH as an agricultural amendment cheaply sequesters CO2 in the 
long term and ensures increased horticultural production. A stock of BCH ensures the production of cheap 
electricity and heat, when and as much as needed, with zero or negative CO2 emissions, without or with 
low-capacity electric storage. Low-volatile BCH gasified in miniCHP unit produces electricity with 30% 
efficiency and thermal energy with 56%. For a CO2 emission below zero, a maximum of 70% of the biochar 
produced is gasified. From the gasification of BCH with O2 and H2O, gas.bc is obtained as a cheap 
substitute for natural gas for local use in smart hybrid energy mini-grids. 

Keywords: Biochar, energy stock, carbon footprint, natural gas 

1. Introduction  

In the current period, bio-oil, biochar and pyrolysis gas can be produced from residual biomass 
through allothermal or autothermal pyrolysis on an industrial scale. On a midi scale, gas.bm and 
biochar (BCH) are obtained through gasification. Gas.py and gas.bm are burned to produce heat, 
and biochar for use as an agricultural amendment, filter material, or emergency energy stock [2, 3, 
4, 5, 6, 15, 18]. 
The use of biochar as an agricultural amendment sequesters carbon in the soil for long periods of 
time with a negative carbon footprint CFP, is used as a filter material. The biochar is stored and 
gasified to recover energy, the toxic ash is embedded in concrete and stored for the long term, 
operation with positive CFP [1, 11, 12, 17, 19]. 
To decarbonize energy production with the CFP = 0 limit, it is necessary that part of the biochar be 
incorporated into agricultural soils to sequester carbon and contribute to increasing agricultural 
production, on average by 13% [8, 9, 10, 12]. 
Depending on the biomass from which the biochar is produced, for CFP =0 it would be necessary 
for at least 30% of the produced biochar to be used as an agricultural amendment [6, 7, 10]. 
Biochar with an average moisture content of 10% can be stored in maximum safety, building a 
decentralized energy stock that can be used – when and as much as needed – usually in 
emergency situations, without the grid, without photovoltaics or wind. 
The residual or energetic biomass from which energy and biochar are produced is very diverse in 
chemical composition and ash content. Depending on the pyrolysis or gasification regime, different 
proportions of biochar with equally different properties are obtained. 
In Romania, about 3500 thousand toe of energy is consumed annually for heating homes. 3 million 
homes are heated by burning wood, with thermal efficiencies below 30%, which represents a major 
national waste of energy. The efficient gasification of biomass and the use of biochar stocks for 
emergency situations are economically and ecologically viable alternatives, with great social 
impact. 
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2. Material and methods 

Heat, bio-oil and biochar result from vegetable biomass with pyrolysis and gasification processes. 
Bio-oil and BCH can be stored, but the heat must be consumed efficiently and economically. A 
continuous production does not adapt to the real consumption of heat and electricity, which have a 
dominant random component. Producing energy when and as much as needed is the optimal 
economic and ecological option. Systems with the CHAB concept with discretized operation can 
produce heat when and as much as needed with a very small heat storage capacity [3, 4, 5, 7, 15]. 
The production of heat and biochar is done with CHAB concept installations equipped with GSIDD 
gas generators, with thermal power of 100kWth in hot water, called SEB.HW100, which can gasify 
a wide variety of chopped or pelletized vegetable biomass. The operating regimes are controlled to 
obtain a share of 20% biochar from dry biomass, i.e. 0.2 Mg.bc/Mg.bm.db, as well as maintaining 
the temperature in the OZ oxidation zone below the ash softening temperature. 
A CHP.BC50 cogeneration unit is used for the production of gas.bc and electricity, it is equipped 
with a downdraft gasifier GBC.DD to obtain gas.bc with very little tar and high HHV. 
For the simulation of biomass gasification, the MER.BM.GAZ.DD simulation program with the 
MUKMER model, produced by EROLSoft, was used for the oxypyrolysis and gasification 
processes with stratified downdraft or reversible front processes. 
For the simulation of the SEB.HW100 unit, the MER.SEB.MESI simulation program, produced by 
EROLSoft, was used for the production of hot water/air and biochar. 
For biochar gasification, the simulation program MER.BCH.GAZ.DD, produced by EROLSoft, was 
used for gasification with air, CO2, H2O and O2. 
The results obtained have a margin of error of +5% to -10% due to the characteristics of the 
biomass used which have a large random dispersion due to the pedoclimate conditions and 
applied agricultural technologies. 
Several types of residual, energetic or forestry biomass will be analyzed. Table 1 shows the types 
of nonwoody biomass, table 2 shows the types of woody biomass. 
 

                                                       Table 1: Nonwoody biomass characteristics 

Feature U.M. Values 

Biomass type   
wheat 

straw 

corn  

stover 

vegetables 

growing 

wastes 

miscanthus 

Biomass price €/Mg.bm  130.00 130.00 130.00 160.00 

Water kg.w/kg/bm 0.080 0.080 0.080 0.080 

Carbon kg.C/kg/bm 0.4195 0.4444 0.4119 0.4407 

Hydrogen kg.H/kg/bm 0.0534 0.0476 0.0611 0.0552 

Oxygen kg.O/kg/bm 0.3938 0.3692 0.4191 0.3831 

Azote kg.N/kg.bm 0.0000 0.0000 0.0000 0.0055 

Sulfur kg.S/kg.bm 0.0000 0.0000 0.0000 0.0051 

Ash kg.ash/kg.bm 0.0534 0.0589 0.0280 0.0305 

HHV for BM.db MJ/kg.bm.db 18.158 18.635 18.574 19.317 

HHV  kWh/kg.bm 4.641 4.762 4.747 4.937 

LHV for BM.db  MJ/kg.bm.db 16.885 17.499 17.116 17.999 

LHV kWh/kg.bm 4.261 4.418 4.320 4.546 

Stoichiometric Flow kg.air/kg.bm 4.979 5.172 5.048 5.332 

Softening ash temperature degree C 840 990 1000 835 
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                                                        Table 2: Woody biomass characteristics 

Feature U.M. Values 

Biomass type 
 

beech 

wood 

energetic 

poplar 

vine 

pruning 

fruit 

growing 

pruning 

Biomass price €/Mg.bm 200.00 200.00 130.00 140.00 

Water kg.w/kg/bm 0.080 0.080 0.120 0.120 

Carbon kg.C/kg/bm 0.4571 0.4385 0.4174 0.4421 

Hydrogen kg.H/kg/bm 0.0558 0.0526 0.0515 0.0524 

Oxygen kg.O/kg/bm 0.3938 0.3757 0.3883 0.3643 

Azote kg.N/kg.bm 0.0038 0.0396 0.0000 0.0079 

Sulfur kg.S/kg.bm 0.0002 0.0003 0.0000 0.0008 

Ash kg.ash/kg.bm 0.0093 0.0133 0.0229 0.0124 

HHV for BM.db MJ/kg.bm.db 19.904 18.986 18.635 20.027 

HHV kWh/kg.bm 5.087 4.852 4.555 4.896 

LHV for MB.db MJ/kg.bm.db 18.571 17.730 17.351 18.718 

LHV kWh/kg.bm 4.692 4.477 4.160 4.494 

Stoichiometric Flow kg.air/kg.bm 5.498 5.250 4.914 5.335 

Softening ash temperature degree C 1400 1200 1200 1200 

 
Agricultural residual biomass was chosen for the analysis – wheat straw, corn stover, vegetables 
growing wastes, vine pruning and fruit growing pruning; energetic biomass – miscanthus and 
energetic poplar; forest biomass - beech wood [2, 4, 8, 15]. 
Tables 3 and 4 present the parameters of the biomass gasification regimes in SEB.MESI, from 
which an average biochar share of 20% of the dry biomass is obtained and the ash softening 
temperature is not exceeded, in order not to block the propagation of the flaming pyrolysis and 
reduce the quality of the biochar produced. 
 

                                       Table 3: SEB.HW100 gasification regime for nonwoody biomass 

Feature U.M. Values 

Biomass type   
wheat 

straw 

pellets 

corn  

stover 

pellets 

vegetables 

wastes 

pellets 

miscanthus 

pellets 

Air ratio ER  0.254 0.277 0.284 0.251 

Temperature in oxyzone  degree C 779 823 823 775 

Biochar rate dry BM kg.bc/kg.bm,db 0.206 0.188 0.194 0.216 

Biochar rate kg.bc/kg.bm 0.189 0.173 0.179 0.198 

Carbon content in BCH  kg.C/kg.bc 0.660 0.612 0.785 0.779 

Ash content in BCH kg.ash/kg.bc 0.281 0.339 0.156 0.153 

Molar ratio O/C molO/molC  0.033 0.027 0.027 0.034 

Molar ratio H/C molH/molC  0.310 0.302 0.302 0.311 

HHV for biochar kWh/kg.bc 6.711 6.175 8.085 8.022 

Biomass price €/Mg.bm 130.00 130.00 130.00 160.00 

Operating cost  €/y 14885.85 14885.85 14885.85 14885.85 
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Biomass consumption cost €/y 29215.43 33847.06 33838.49 30224.28 

Production costs €/y 44101.29 48732.91 48724.34 45110.13 

Thermal energy production  MWht/y 485.050 639.687 532.441 397.898 

BCH mass production Mg.bc/y 39.895 42.171 43.545 35.105 

Thermal energy cost  €/MWht 58.583 54.142 55.087 66.388 

BCH cost production €/Mg.bc.db 393.168 334.328 445.377 532.533 

Carbon from BCH cost €/Mg.Cbc 595.553 546.448 567.483 683.824 

Energy from BCH cost €/MWh.bc 58.58 54.14 55.09 66.39 

 
The biochar produced with SEB.HW100 unit has molar ratios O/C < 0.2 and H/C < 0.4 which is 
required for a biochar usable as an agricultural amendment, which produced at temperatures 
above 750 ⁰C is sterile, porous and pH >10.00 [1, 11, 12, 17, 18, 19, 20]. 
Very low volatile biochar is very good for gasification because very little tar is produced which is 
simple, safe and cheap to dispose of [13]. 
The prices for the analyzed biomass are estimated from the current supply in the market of pellets 
and wood chips, which can have large variations depending on the requirement, supply and 
demand for energy. 
 

                                             Table 4: SEB.HW100 gasification regime for woody biomass 

Feature U.M. Values 

Biomass type   
beech 

wood 

pellets  

energetic  

poplar 

pellets 

vine  

pruning 

chopped 

fruit 

pruning  

chopped 

Air ratio  0.288 0.287 0.252 0.254 

Temperature in oxyzone  degree C 819 823 856 877 

Biochar rate dry BM kg.bc/kg.bm,db 0.198 0.197 0.213 0.215 

Biochar rate kg.bc/kg.bm 0.182 0.181 0.187 0.189 

Carbon content in BCH  kg.C/kg.bc 0.883 0.862 0.824 0.883 

Ash content in BCH kg.ash/kg.bc 0.051 0.073 0.122 0.0655 

Molar ratio O/C molO/molC  0.027 0.027 0.021 0.017 

Molar ratio H/C molH/molC  0.302 0.302 0.297 0.293 

HHV BCH kWh/kg.bc 9.172 8.947 8.524 9.177 

Biomass price €/Mg.bm 130.00 130.00 130.00 160.00 

Operating cost  €/y 14885.85 14885.85 14885.85 14885.85 

Biomass consumption price €/y 48099.39 36562.25 25468.54 25576.92 

Production costs €/y 62985.25 51448.10 40354.40 40462.78 

Thermal energy production  MWht/y 516.408 444.043 351.584 353.201 

BCH mass production Mg.bc/y 41.006 37.971 34.338 32.364 

Thermal energy cost  €/MWht 70.57 65.44 62.63 62.23 

BCH cost production €/Mg.bc.db 647.29 589.67 533.89 571.10 

Carbon from BCH cost €/Mg.Cbc 732.79 678.91 647.66 646.57 

Energy from BCH cost €/MWh.bc 70.57 65.44 62.64 62.23 
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Thermal energy can be produced with average costs in the range of 55 – 70 €/MWht depending on 
the price at which the gasified biomass enters production. 
The production cost of BCH is lower for nonwoody biomass, as is the production cost of carbon 
from BCH, values that depend on the cost of the biomass processed. 
BCH from nonwoody biomass contains a lot of ash and less carbon for which the main 
economically efficient use is as an agricultural amendment intended to increase the fertility of 
agricultural soils. A biochar with a high carbon content is indicated for gasification [1, 11, 12, 20]. 
Two representative types of biomass were chosen for the functional and energetic analysis. Poplar 
from intensive energy crops is used for woody biomass, which has a chemical composition similar 
to the average of forest resources [14, 16]. From the residual agricultural biomass, corn stover was 
chosen because it represents in RO and the EU about 40 of the collectable energy potential [5]. 
Table 5 shows the functional characteristics of the CHP.BC50 cogeneration unit with a nominal 
electrical power of 50 kWe. The CHP.BC50 produces cold gas.bc that can be used instead of 
natural gas and LPG, or to feed an electric power generator, when and as much as needed. The 
relatively low power was chosen to be usable in isolated locations with alternative operating 
regimes, low load with heat production, gas.bc production for consumption, electricity and heat 
production. 
For maximum efficiency utilization, the generator set only regime in an optimal mode, the 
specialized heat engine is constructively optimized and extremely driven, with an efficiency of up to 
50%, a common variant for hybrid cars with heat engine charging. The 27% electrical efficiency 
used in the simulation is still modest, but with a real basis. 
 

                             Table 5: Operating characteristics of CHP.BC50 unit 

Feature U.M. Values 

BCH from biomass type   
energetic 

poplar   

corn 

 stover  

HHV for BCH MWh/Mg.bc 8.944 6.175 

Carbon content kg.C/kg.bc 0.862 0.612 

BCH production cost €/Mg.bc 589.00 355.00 

Handling and storage %  5 5 

BCH user cost €/Mg.bc.db 618.45 372.75 

Cooled gas.bc efficiency  % 75.0 75.0 

Gas.bc specific energy MWh/kg.bc 6.708 4.631 

Gas engine yield   %  38 38 

Electric generator yield   % 95 95 

Electro engine generator yield  % 36.1 36.1 

Electricity production efficiency   % 27.1 27.1 

Yield heat recovery gas.bc cooling  % 0.213 0.213 

Yield heat recovery gas engine   % 37.2 37.2 

Thermal energy efficiency    % 58.5 58.5 

Cogeneration efficiency   % 85.5 85.5 

Cogeneration Index  % 46.3 46.3 

CFP emitted from operation  kg.CO2/Mg.bc 35.000 35.000 

 
Table 6 shows the results of the economic estimation of the use of CHP.BC50 for a continuous 
operation of 7000 h/y and an operating life of 5 years, extendable through successive upgrades. 
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This results in an hourly operating cost of 7.10 €/h affected by input cost estimation errors of ± 10 
%. 
 

               Table 6: Operating costs for CHP.BC50 unit 

Feature U.M. Values 

Specific power CHP price  €/kWe 2500 

Electric power kWe 50.000 

CHP.BC50 price €/system 125000 

Installation and start-up ratio % 20 

Installation and start-up costs €/system 150000 

Live Cycle operating time y/LC 5.00 

Annual operating time h/y 7000.00 

Annual banking interest % 5.00 

Annual income from deposit €/y 7500.00 

Residual value ratio % 30.00 

Installment depreciable value €/system 149985 

Annual value to be amortized €/y 37497 

Annual maintenance rate costs  % 15 

Annual maintenance costs €/y 5624.55 

Operator cost €/month 500.00 

Annual operating costs €/y 49121.55 

Hourly operating costs €/h 7.017 

3. Results 

From the data obtained for operating regimes and production costs, the production costs for the 
production of electricity and heat, as well as for gas.bc intended for local replacement of PLG and 
in emergency cases of NG at network blockages, can be estimated accurately enough. 
 

              Table 7: Economic evaluation of CHP.BC50 unit 

Feature U.M. Values 

Biomass type   poplar 
corn 

 stover  

HHV for BCH MWh/Mg.bc 8.944 6.175 

BCH using cost €/Mg.bc 618.45 372.75 

Specific electricity production MWhe/Mg.bc 2.422 1.672 

Specific BCH consumption kg.bc/kWhe 0.413 0.598 

Hourly BCH consumption kg.bc/h 20.647 29.906 

Hourly BCH cost €/h 12.77 11.15 

CHP production hourly costs €/h 19.79 18.15 

Hourly input energy  MWh/h 184.672 184.672 

Electricity production efficiency % 0.271 0.271 

Thermal energy efficiency  % 0.585 0.585 
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Cogeneration Index % 0.463 0.463 

Hourly electricity production MWhe/h 0.050 0.050 

Hourly thermal energy production MWht/h 107.941 107.941 

Equivalent energy produced annually MWh/y 108.049 108.049 

Specific cost thermal energy  €/MWht 183.12 168.12 

Electricity cost €/MWhe 395.33 362.94 

ENEL tariff €/MWhe 246.00 246.00 

Difference from ENEL tariff €/MWhe 149.33 116.94 

 
                                              Table 8: Economic evaluation gas.bc use 

Feature U.M. Values 

Biomass type   poplar   
corn 

 stover  

CHP.BC50 hourly consume kg.bc/h 20.647 29.9074 

BCH cost €/Mg.bc 618.45 372.75 

Hourly cost BCH consumption €/h 12.77 11.15 

HHV cooled gas.bc  MWh/Mg.bc 6.708 4.631 

Gas.bc hourly energy production MWh/h 0.139 0.139 

Gas.bc energy cost €/MWh 80.65 60.36 

Hourly operating costs €/h 4.91 4.91 

Hourly gas.bc production cost €/h 17.68 16.06 

Gas.bc energy cost €/MWh.gbc 127.66 115.95 

NG average cost in 2022 year €/MWh 95.35 95.35 

Gas.bc to NG difference energy costs €/MWh 32.31 20.60 

PLG energy cost in 2022 year €/MWh 398.22 398.22 

Gas.bc to PLG difference energy costs €/MWh -270.56 -282.27 

 
The cost of the produced electricity of 380 €/MWhe ± 10% is relatively high compared to the 
current one in the national network of 246 €/MWhe, but lower than that of the electricity produced 
by the intervention generators. For energetically isolated areas without an electrical network, the 
use of CHP.BC with biochar produced from locally available biomass is economical, ecological and 
with a positive social impact. 
Table 8 presents the economic evaluation of the use of gas.bc to replace NG in emergency cases 
and PLG for local use. 
The production cost of 120 €/MWh.gbc ± 10% is +25% higher than that of NG, but economically 
acceptable for emergency situations when the supply of energy for vital consumption is important. 
In the case of replacing the local use of PLG with gas.bc, the cost difference is obvious, which is 
on average +255 €/MWh, that is, the use of gas.bc is 3.3 times cheaper, being an obvious 
economic alternative. However, the difference is mitigated by the need for a much higher initial 
investment, but with guaranteed long-term economic efficiency.  

4. Conclusions  

In the current energy crisis, the production of energy and biochar from residual plant biomass, 
when and as much as necessary, is a complementary solution when it is dark and the wind is not 
blowing, ensuring economically and ecologically the necessary energy consumption in real time. 
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This work is a contribution to the development of research and the design of systems for the 
production and efficient use of biochar produced from vegetable biomass for the production of 
energy when and as much as necessary and the increase of agricultural soil fertility. 
A wide variety of plant biomass can be gasified with SEB.MESI with CHAB concept to produce 
when and how much thermal energy is needed with an average efficiency of 45% and to obtain 
20% high quality biochar. 
The biochar produced with SEB.MESI has molar ratios O/C < 0.2 and H/C < 0.4, which is required 
for a biochar usable as an agricultural amendment, which, being produced at temperatures above 
750 ⁰C, is sterile, porous and with pH >10.0. The minimum commercial price in EU 2021 was 1250 
€/Mg.bc with a maximum of 4000 €/Mg.bc. 
The production costs for biochar are 350 – 450 €/Mg.bc for nonwoody biomass and 550 – 650 
€/Mg.bc for woody biomass, much below the current prices on the BCH market, which ensures an 
advantageous capitalization. 
It is worth mentioning the production cost of carbon from BCH, which is on average 550 – 650 
€/Mg.Cbc for nonwoody biomass and 650 – 750 €/Mg.Cbc for woody biomass, strongly influenced 
by the cost of the biomass used. 
Biochar can be stored as a carbon and energy stock, for long periods, usable as an agricultural 
amendment, as a filter material, but very important as a source of energy for emergency situations, 
when and as much as needed. 
Energy can be produced from gas.bc 3 times cheaper than from PLG, thus being a cheap and safe 
source of fuel gas for isolated areas without a NG network. 
The cost of electricity produced from BCH is higher than that from the network, by about 35-50%, 
acceptable for emergency situations, but much lower than that of emergency generators. 
The biochar produced from residual agricultural plant biomass, which has a lot of ash, is indicated 
to be used effectively as an agricultural amendment, with which it produces an average increase in 
agricultural production by 13%, an action subsidized with green vouchers, now with the value of 
180 €/Mg. Cbc. 
The stock of biochar can be used when and as much as necessary as an agricultural amendment 
or for the production of energy in emergency situations or for continuous consumption, for a zero 
carbon footprint it is required that at least 30% of the stock be used as an agricultural amendment.   
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Abstract: Biomass energy dates back to the beginnings of human civilization and is one of the most 
important resources to meet the daily energy requirements for many people in developing countries. 
Biomass gasification is an important branch of heat production, electricity or biofuels. With the help of the 
TLUD gasification process, applied to heating systems or for cooking, thermal energy and biochar can be 
produced, contributing to the reduction of deforestation pressure, to the improvement of soil productivity and 
to a sustainable development.  
The article presents experimental tests on the influence of the speed of the combustion air (secondary air) on 
the energy efficiency of a laboratory testing equipment, of gaseous type TLUD. The results show a 
substantial increase in the temperature in the flame in case of increasing the flow of combustion air and its 
speed by 30% compared to the ratio of 1/3 recommended in other scientific articles on this topic. 

Keywords: TLUD Gasification, biomass, biochar, greenhouse gases, stoichiometric combustion 

1. Introduction  

Energy is an essential factor of socio-economic development and it is clear that in the future 
demand will increase worryingly much [1]. Problems with the need for energy are found in all 
developed or developing countries. For developed countries in the future, energy demand will be 
low compared to developing countries, where it is necessary first and foremost to improve energy 
accessibility [2]. 
Affordable energy for everyone is the starting point for poverty alleviation, and for the development 
of human capital [2]. For this desideratum, the economic cost is usually a priority, before the impact 
on the environment or the health of the population. This is shown in a United Nations report [4] 
which states that 3.2 billion people depend on solid fuels (wood, vegetable waste or coal) for 
heating. The imbalance between biomass supply and demand leads to massive deforestation and 
deforestation. It is worrying because these actions bring negative effects on the environment and 
on human health. 
The negative effects of using biomass for energy production also result from the incomplete 
combustion of biomass and the release of CO2 and PM into the atmosphere, which results in an 
increase in global temperature and an increase in climate change [5]. Climate change mitigation 
and forest resource conservation have been two main motivations for most improved combustion 
system projects. In many developing countries, the cooking technique used is still the traditional 
open fire that has less than 10% energy efficiency. The percentage can be increased with the use 
of improved combustion systems, thus reducing the consumption of firewood and combating 
deforestation [6]. 
Energy consumption and economic growth have a two-way causality [2], as economic growth 
encourages energy consumption and the growth of energy consumption affects economic growth 
and the environment. The use of improved burn technology, such as the TLUD gasification 
process, which produces thermal energy and biochar, could help reduce deforestation pressure, 
improve soil productivity and heating systems, or for better performing and more environmentally 
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friendly cooking. Almost any form of natural organic material (woody) can be converted into 
biochar. Therefore, materials considered as wood waste can be efficiently transformed, through 
gasification, into energy and biochar which can be used as a basic material for the improvement of 
degraded soils, and to sequester carbon in the soil over a long period of time, contributing to the 
reduction of greenhouse gas emissions, to the achievement of an efficient protection of the 
environment and to the achievement of a sustainable energy development. 
The name of TLUD was adopted due to the burning type Top Lit Up Draft [7, 8, 9], in which the 
ignition is made at the top, the pyrolytic front advances into the biomass layer and the gasification 
air (primary) penetrates through the biomass layer from the bottom up. More details about this 
process can be seen in various published articles [10,11, 12, 13]. 

2. Test device  

The laboratory device on which the tests were performed (fig. 1) consists of a gas generator on the 
TLUD principle (1), equipped with air flowmeters (7.8) and adjustment throttles (5), seven 
temperature probes (2.3), four in the pyrolysis area, one for the supply air, one in the flame zone 
and one in the water bowl for power testing. All these elements are placed on an electronic scale 
(9) to establish the hourly consumption of biomass. For the measurement of the gasification air 
pressure (necessary for crossing the biomass layer) a pressure transducer is provided (10). Air is 
supplied by a compressed air source (6).  

 

  Fig. 1. Test device component 

 
 
 
1-gasogen 
2,3- temperature probes 
4- electrical panel 
5- adjustment throttles 
6- compressed air source 
7,8- air flowmeters 
9- electronic scale  
10- pressure transducer 

  

Fig. 2. Functional scheme / test device 
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According to the functional scheme (fig. 2) the data provided by the sensors are purchased and 
stored on the computer through a purchase board [13] [14]. 
A data acquisition program has been created in LabView, with a friendly graphical interface (fig. 3) 
that displays and records all the purchased parameters and their graphics in real time. 

 

Fig. 3. Graphical interface created in LabView 

Technical data of the test device: 
- Di = Ø106 mm 
- H max=450 adjustable by sieve positioning 
- Biomass volume / 0.1 m = 0.78 dm³ 
- Hourly consumption: 0.8 kg/h 
- Operating time / 0.1 m biomass layer height =0.7-1 h 
- Thermal power at the burner = 2.7 kWth 
- Gasification air section 12 cm² 
- Combustion air section 2.3 cm² or optional 20.3 cm² 

TLUD modules with powers of 3-4 KWth generally have a biomass consumption of 10-15 
g/min and require a primary air flow (gasification) of 15-25 l/min and secondary air (combustion) of 
30-50 l/min, for the reactor diameter of 100 mm. 

3. The testing methodology refers strictly to this construction of TLUD gasifier 

For each test, the TLUD type laboratory device is lit at the top and the pyrolytic front, initially 
formed, advances into the fixed bed of biomass. The primary air (gasification) is regulated using 
the flow meter at the value of 25 l / min and is introduced into the lower part through 130 holes with 
a total section of 12 cm². It penetrates through the biomass bed to the pyrolytic front area where 
the gas that rises is generated, due to the ascending current, at the top, and mixes with the 
secondary air, necessary for complete combustion, regulated to the value of 50;65 l/min, supplied 
through 18 holes with a total section of 2.3 cm². The mixture burns at the top with the flame open. 
The values of the flows, of the primary/secondary air velocity and of the flame temperature are 
recorded in real time and stored in the computer through the data acquisition board. 

4. Results 

Two tests were made in order to track the influence of the primary air velocity (of combustion) or on 
the energy produced in the flame.  
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Test 1 
For the first test, the primary/secondary air flow was adjusted with the ratio of 1/3 respectively of 
25/50 l/min (fig. 4) and a ratio of speeds of 0.35/3.5 m/sec (fig. 5) was recorded (for this TLUD 
construction) and the average temperature recorded in the flame was about 700°C (fig. 6). 
  

 
 

Fig. 4. Variation of primary/secondary air flow during 
the test (25/50 l/min) 

Fig. 5. Variation in primary/secondary air velocity 
during the test (25/50 l/min) 

          

 Fig. 6. Flame temperature variation during the test (25/50 l/min) 

 
Test 2 
For test 2, the primary air flow adjustment of 25 l/min was kept and the secondary air flow was 
supplemented by 30% i.e. 65 l/min (fig. 7) to increase the speed (turbulence) of the mixing air and 
a ratio of speeds of 0.35/4.5 m/sec (fig. 8) was obtained (for this TLUD construction) and the 
average temperature recorded in the flame was about 800°C (fig. 9). 
  

 
 

Fig. 7. Variation of primary/secondary air flow during 
the test (25/65 l/min) 

Fig. 8. Variation in primary/secondary air velocity 
during the test (25/65 l/min) 
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 Fig. 9. Flame temperature variation during the test (25/65 l/min) 

5. Conclusions  

The increase of the secondary (combustion) air flow by 30% led to the increase of its speed from 
3.5 m/sec to 4.5 m/sec on the same supply section and to the realization of a turbulent mixture with 
superior calorific value.  
The test results indicate a higher efficiency of the equipment (flame temperature higher by 100°C) 
when the flow rate and speed of the combustion air has been supplemented by 30%. 
Further studies and research are needed to obtain the best performance on this equipment that 
proves to be environmentally friendly, which can contribute to the reduction of greenhouse gas 
emissions, to the achievement of an efficient protection of the environment and to the achievement 
of a sustainable energy development. 
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Abstract: In this paper modern simulation methods are used for modelling the functioning principles of a hybrid 
stepper motor, which is widely used in commercially available mechatronics systems, where exact positioning is 
necessary, such as the case of modern 3D printers. The simulation created and its results are presented, results 
from which further mechatronic simulations can be derived. From the standard black-box simulation and design 
of electric-machines, FEA simulations allow the engineers to create models that take into account the shape of 
the elements of an electric motor, shapes that have a great influence on the well-functioning of such motors. In 
the end, we present further simulation possibilities.  

Keywords: Stepper motor, variable reluctance motor, switched reluctance motor, hybrid motor, electro-
mechanical simulation, Simcenter3D, Simcenter MAGNET 

1. Introduction 

Stepper motors are widely used to drive all kind of machines, from simple plotters to complex machines 
such as modern 3D printers [1] [2]. The versatility of this electrical machine, given by its ability to be 
driven in discrete steps, thus making it possible to position its shaft to the desired location. In addition, 
with the advent of the new and better IC drivers, using stepper motors became a lot easier. 
Using a microcontroller to control the steps outputted by the stepper motor driver, gave these electrical 
machines the ability to be present all around us. 
One important application in which stepper motors are essential is the field of additive manufacturing. 
When a component is created using Additive manufacturing [3] [4] techniques, a printing head or a 
mirror needs to be positioned with great precision, and stepper motors makes this possible. However, 
one element that really contributes to the precision of a working stepper motor is its driver, as this is the 
one that creates the waveforms that drives each phase of the stepper motor. 
As stated earlier, an important field in which stepper motor show their power is the Additive 
manufacturing one, but there is one more reason why they are so important, and that is the apparition 
of the new generation of 3D printers, the ones that make use of more degrees of freedom to create the 
part, using the FDM process [5] [6]. 
In the usual case, a classical 3D printer using the FDM process makes use of only 3 degrees of freedom 
and thus it has 3 axes only which usually represent the 3 Cartesian axes. Other types of 3D printers 
with 3 axes are the Delta 3D printers or the Polar 3D printers, which make use of a cylindrical coordinate 
system. However, for the 3D printers of the new generation, which we believe will represent in a few 
years the new norm, is mandatory to use at least one new axis to increase the DOF’s of the part.  
The new axes used are usually rotation axes, as the only degrees of freedom remaining are the rotation 
ones. These rotations are created with the use of a stepper motor and thus a perfect positioning system 
is needed. 
This calls for better motor design and better stepper motor driver design, as most of the parameters 
that govern the correct functioning of the stepper motor are dependent on the temperature. 
Because the stepper motors will be subjected to varying loads, as the parts created will increase the 
moment of inertia that the motor has to overcome, this moment of inertia varies as well with the 
inclination of the printing bed. 
In this paper, we propose a way to simulate the functioning of a hybrid stepper motor using the FEA 
software Simcenter3D, thus gaining an insight into how different parameters affect the motor 
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functioning. This is the basis for further development of a better stepper motor to be used in advanced 
mechatronics applications. 

2. Stepper motor functioning principles 

2.1. Classification of stepper motor electrical machines 

A variety of electrical machines can be defined as stepper motors, meaning that the shaft is positioned 
in discrete steps, but what differentiates them is how the magnetic fields are produced that make it 
possible to move the shaft in discrete steps. 
The working principle of all stepper motors is that of the variable reluctance. The main idea behind it is 
that if you let a bar of iron suspended in air, which is free to rotate around an axis, and if you apply a 
magnetic field, the bar will tend to align itself with the magnetic field. If the magnetic field is rotated, then 
the bar will tend to align accordingly. 
Based on this principle, there exists two main types of stepper motors [7]: 

 Variable Reluctance types 
 Hybrid types 

The only difference between them is the way that the magnetic field is created, but the working principle 
of them both is almost the same. Thus, in the Variable Reluctance type, the magnetic field is created 
by stationary coils wound around the stator teeth, whereas the hybrid type also has inside its rotor a 
permanent magnet. Although their function is almost identical, their use is different as the Variable 
Reluctance motors usually tend to be used in applications which need larger step angles (usually 15 ͦ, 
30  ͦ or even 45  ͦ), whereas the hybrid ones tend to be used for smaller angle steps (0.9  ͦ, 1.8  ͦ). 
2.2 How the hybrid stepper motor works 

For additive manufacturing the stepper motor need to drive small angular increments, usually necessary 
in the case of 3D printers, thus it is better to describe the workings of the hybrid stepper motor.  
In Fig. 1. several different sections of the inside structure of a hybrid stepper motor are presented, with 
a design specific to a Variable Reluctance motor, as it has some number of teeth (this number is 

important for the computation of the stepping angle). In the upper right corner of Fig. 1, we can see a 
section from the side view of the stepper motor, and we can see that inside the rotor, which is composed 

Fig. 1. Graphical description of a hybrid stepper motor [7] 
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of two cups, there is a permanent magnet. This permanent magnet has a uniform orientation along the 
axis of rotation, thus its magnetic field intersects the teeth on the stator. 
The step angle is given by the following formula: 𝜃𝑠𝑡𝑒𝑝 = 360 °𝑁𝑟𝑜𝑡𝑜𝑟 𝑡𝑒𝑒𝑡ℎ ∗ 𝑁𝑠𝑡𝑎𝑡𝑜𝑟 𝑝ℎ𝑎𝑠𝑒𝑠  (1) 

For a common hybrid motor, such as a NEMA 17, used in a lot of commonly used 3D printers, the rotor 
has 50 teeth on each cup, which are rotated one to the other, with an angle equal to half a stepping 
angle (this is due to the aligning tendency of the teeth on the rotor to the ones on the stator), which 
makes for a total of 100 teeth on the rotor. Usually this kind of motor has two phases connected to 8 
stator poles (4 poles per each phase) thus we get the common stepping angle of 1.8  ͦ or 200 steps per 
full revolution of the motor. 
It can be seen that in order to rotate the rotor a certain amount, the stator coils needs to be energized 
in a certain order that would tend to align the teeth in the correct position. In order to do this, usually a 
microcontroller is paired with an integrated circuit driver, which switches the current to the correct phase, 
thus we see that these types of motor, the stepper motors, need to have intelligent electronic devices 
accompanying them.  
Coming back to Fig. 1, we can see in the left upper corner the front section of the hybrid stepper motor. 
As stated earlier, this motor usually has two phases and the coils that make up these windings are the 
following: 

 Phase A :  Coils 1, 3, 5 and 7 
 Phase B :  Coils 2, 4, 6 and 8 

When Phase A is energized, the coils opposite (1 and 5) form a north pole whereas coils 3 and 7 form 
a south pole. The teeth on the north side of the rotor tend to align to the south pole created by the coils, 
and the teeth on the south side of the rotor tend to align with the north pole created. When the teeth 
tend to align themselves, phase A is switched off and phase B is energized either positively or 
negatively, depending on the direction of rotation wanted [7]. 
Thus we can observe that for the correct functioning of the motor, the phases needs to be energized in 
the sequence A+, B-, A- and A+ which gives a clockwise rotation of the shaft. For an anti-clockwise 
direction of rotation the phases should be energized as A+, B+, A-, A+ [7]. 

2.3. Control circuit 

The usual control circuit is made out of a microcontroller, a supply source, a motor driver and the stepper 
motor as it can be seen in the following image. 

In Fig. 2, the driver represents the interface between the logic level, at which the microcontroller 
operates and the power level which represents the level at which the stepper motor works (usually 12V 
with 2A per each phase). This separation is needed, as to protect the microcontroller, who only just 
sends signals corresponding to the number of steps and the direction wanted. The driver does the real 
work, as it decides which phase to energize and at what rate to obtain the desired number of steps in 
the desired direction. 

Fig. 2. Schematics of stepper motor control circuit 
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In the above figure, we have used the following notation: 
 STEP :  represents the input pin on the driver for the number of steps that the motor has to make 
 DIR : represents the input pin on the driver for the direction of rotation of the stepper motor 
 VM : represents the driving voltage which is usually in the range of 8.4 to 45 V 
 VS : represents the logic power supply voltage which needs to have a value of 5V 
 A+, A-, B+, B- : represents the output of the driver and their letters corresponds to the letters of 

the phases ends. 

3. Simulation  

3.1. Motivation behind creating an FEA analysis of a hybrid stepper motor 

As stated in the introduction chapter, stepper motors are a companion to modern electro-mechanical 
devices, which by correct application of phase currents to the stator windings, these motors can be 
made to rotate in well-defined steps ranging down to a fraction of a degree per pulse [8]. 
Being able to analyze the complex working of such motors, can help with choosing the right motor for 
the specific application or it may help the electrical engineers in design better stepper motors, which 
work more efficiently. 
Another reason in setting up this simulation is to be able to get the defining parameters of a stepper 
motor before it is being created. This way we can create a mechatronic model in Simulink where the 
stepper motor is defined as a black-box which only has the parameters obtained from the FEA analysis, 
thus making it easier for the mechatronic engineer to design a proper control system. 

3.2 Model set-up 

In order to create the simulation, it is necessary to create a correct 3D CAD model of the stepper motor 
with all the elements inside of it. For this, we used the capabilities of Simcenter3D, which allows its 
users to both design the motor and to also set-up the simulation inside the same environment.  
To have a good understanding of what elements the stepper motor is composed of, an existing NEMA 
17 motor was dismantled and measured, and based on it we created the following CAD model. 
It can be seen that the stator has castellated poles, to better increase the accuracy of positioning of the 

rotor. The stator coils are in number of eight and are represented with the yellowish colour. Simcenter3D 
allows to create the coils as simple blocks, and then assign them the correct parameters, such as 
number of turns, conductor area per turn and optionally the resistance and inductance of each coil. The 

Fig. 3. CAD model of the stepper motor, created with the use of Simcenter3D 
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rotor is composed of two cups, each having 50 teeth on them, but the cups are rotated one with respect 
to another with an angle equal to half a step angle. Inside the cups, the permanent magnet resides, 
which has an uniform orientation of its magnetic field, parallel to the axis of rotation of the rotor. 
Another element that it is not figured in the previous image is the airbox that surrounds the stepper 
motor. This is an important element in computing the magnetic field. Another important element is the 
remesh region, which represents the air gap between the rotor and stator. This is an important region 
as here are computed the magnetic forces and torque created.  

3.3. FEM model set-up 

In order to set-up the simulation, the CAD model must be divided into a mesh with specific materials, 
so that the solver can compute the correct parameters. In Fig. 4, the FEM model is presented. 
 

Each mesh is represented with a different color, such that the properties of each material can be taken 
into account. The materials used are the following: 

 M19 26 Ga : non-oriented steel for the stator and the two rotor cups 
 N38 : neodymium – iron – boron (NdFeB) permanent magnet [9] 
 Copper with a conductance of 5.77e7 Siemens / meter for the coils 
 Air for the airbox and remesh regions. 

These materials are commonly used in the creation of electric machines. 
The remesh region is not represented again, because this region contains the biggest number of 
elements. This is due to the necessity of computational precision and due to the small air gap that exists 
between the rotor and the stator. 
After setting-up the FEM model, the simulation model has to be set-up, in which the coils are connected 
according to the previous explanations, and the motion component, which is composed of the two rotor 
cups, the permanent magnet and the rotor airbox.  

Fig. 4. FEM model of the stepper motor 
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3.4. Simulation results 

One important result obtained from the static simulation is that of how the teeth influence on the 
distribution of the magnetic field inside the rotor. Using the N38 permanent magnet, in the following 
image we can see the distribution of the magnetic field inside around the rotor. 

It can be seen that the presence of teeth allow for a better flow of the magnetic field inside the rotor, 
thus making each teeth a pole. The magnetic field of the permanent magnet is directed along the Z-
axis, represented in Fig. 5. 
Another important result, obtained from the static solution, is that of the surface nodal forces distribution, 
as this one helps explain how the rotor teeth will be pulled into the correct position by the magnetic 
forces. These results are obtained by energizing the phase B coils, and by keeping the rotor fixed, thus 
the force acting on each element of the stator and rotor can be seen. 
These forces are also relevant for further studies of acoustics problems, as these forces tend to modify 
both their magnitude and direction during the functioning of the motor. These forces create the noise 
usually heard during operation, and by careful study of them, coupled with physical measurements, 
improved control algorithms can be created. 
In the following image, we can see that the greatest forces appear on the stator teeth of the stator poles 
that has the energized coils. Some forces also appear on the poles that are not energized, because the 
magnetic field flows to them as well, because the stator is made out of connected stator poles. 
 
 

Fig. 5. Distribution of the magnetic field inside the rotor 
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One important result, that represents the solution of the transient simulation, is the value of the back 
EMF. This constant, specific to a certain speed, represents one of the black-box parameters that can 
be used in a mechatronic simulation in Simulink.  
This result is obtained by allowing the rotor to rotate with a certain speed and not energizing the coils. 
The non-energizing state of the coils can be modelled by connecting them to a current source whose 
output is null. 
 

Fig. 6. Distribution of surface nodal forces on the stator 

Fig. 7. Back-EMF corresponding to Phase A of the stepper motor 
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From Fig. 7, we can see that the maximum value of the back-EMF is equal to 0.259 V. This parameter 
has an RMS value of 0.254 V, and the peak value can be further used in the Simulink simulation. 
This parameter is necessary to describe the functioning of the stepper motor, as it is governing the 
equivalent circuit of the stepper motor during constant operation, as can be seen in the following 
formulas [10]: 𝑉𝑠𝑢𝑝𝑝𝑙𝑦 = 𝑖𝑅 + 𝑑𝜆(𝜃)𝑑𝑡 (2) 

In equation (2) we used the following notation: 
 Vsupply : represents the voltage supply of a phase 
 i : represents the current through the coils of the phase 
 R : represents the resistance of the coils 
 λ : represents the flux linkage through the coils, which is dependent of the rotation angle θ 

From this equation, we can derive the exact differential equation that governs the functioning of the 
stepper motor: 𝑉𝑠𝑢𝑝𝑝𝑙𝑦 = 𝑖𝑅 + 𝐿(𝜃) 𝑑𝑖𝑑𝑡 + 𝑖 𝑑𝐿(𝜃)𝑑𝑡 = 𝑖𝑅 + 𝐿(𝜃) 𝑑𝑖𝑑𝑡 + 𝑖 𝑑𝐿(𝜃)𝑑𝜃 𝑑𝜃𝑑𝑡   (3) 

The last term in equation (3) represents the back-EMF, which we will denote as ε, as can be seen in 
the following equation: 𝑉𝑠𝑢𝑝𝑝𝑙𝑦 = 𝑖𝑅 + 𝐿(𝜃) 𝑑𝑖𝑑𝑡 + 𝑖 𝑑𝐿(𝜃)𝑑𝑡  𝜔𝑟𝑜𝑡𝑜𝑟  (4) 

Thus, from Fig. 7, we can obtain the motor velocity constant, which is defined as following: 𝐾𝑣 = 𝜔𝑛𝑜 𝑙𝑜𝑎𝑑𝑉𝑝𝑒𝑎𝑘  (5) 

In our case, this constant has the following value: 𝐾𝑣 =  48.5188 𝑉𝑠𝑟𝑎𝑑 (6) 

This is useful as the stepper motor has the following equivalent circuit [10]: 

This is an acceptable approximation of the stepper motor, as this type of motor is a type of brushless 
DC motor, during constant operation. 

 

 

Fig. 8. The equivalent circuit for the hybrid stepper motor 
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4. Conclusions 

This paper is the basis for further FEA analysis of the hybrid stepper motor design, created to give the 
authors a better understanding of the electromagnetic phenomena that happens during the operation 
of said electric machines. 
Further improvements are to be made, especially in the field of comparing the results obtained with 
physical measurements, which will help in the future to create better digital twins of real-world 
applications. This is an important step in the development of mechatronic systems, as it will allow the 
engineers to create and test different rigs, in the phase of design such systems. 
One point that we think that will be of important study in the future, is the acoustic simulation, which will 
give an insight into how the stepper motor creates vibration and thus we can come up with better 
solutions to counteract its negative impacts on the functioning of systems that employ such electric 
machines. 
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Abstract: One of the effective methods of achieving high pressures in hydraulic drive systems is to equip low-
pressure pumping units with minibooster-type hydraulic pressure intensifiers. These hydraulic devices, with 
pulsating mode of operation, consume low-pressure high flows rates to generate high-pressure low flow rates. 
This is why low-pressure pumping units equipped with miniboosters are used to generate high pressure rates 
in constant confined volumes or when moving hydraulic cylinders with heavy loads, over long distances and 
at low speed rates. Through experimental tests, carried out on a bench dedicated to the topic of this paper, 
the authors of the material comparatively analyse the displacement of a hydraulic cylinder, with constant load 
of 800 bar over the entire advance stroke, when the pumping unit that supplies the cylinder is equipped, 
successively, with three types of miniboosters. 

Keywords: Low-pressure pumping unit, minibooster, high pressure, hydraulic cylinder 

1. Introduction  

There are known two solutions for generating high pressure in hydraulic drive systems: an expensive 
one, based on pumps and equipment for adjusting / controlling high pressure hydraulic parameters, 
and a cheaper one, based on pumps and equipment for adjusting / controlling low pressure hydraulic 
parameters, plus hydraulic pressure intensifiers. For example, Fig. 1 shows the two drive solutions 
for a hydraulic cylinder with a 700-bar load. 
 

  

Fig. 1. Generating 700-bar pressure for actuating a hydraulic cylinder: left side - with high-pressure 
pump; right side - with low-pressure pump and hydraulic pressure intensifier 

 

In the hydraulic drive diagram [1] shown in Fig. 1-left side, motor M drives high-pressure pump (1), 
to direct hydraulic oil, at a pressure of 700 bar, indicated on pressure gauge (2), limited by pressure 
control valve (3), via directional control valve (5), switched to the field of parallel arrows, to the 
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cylinder rod chamber. The cylinder piston chamber discharges into the tank via return filter (8), and 
the hydraulic cylinder moves to the right with a 700-bar load. 
One can move the same hydraulic cylinder to the right, with a 700-bar load, according to the hydraulic 
drive diagram [1] shown in Fig. 1-right side, where low-pressure pump (1), pressure control valve 
(3) and directional control valve (5) operate at 200 bar, indicated on pressure gauge (2). Return filter 
(8) remains, while additional low pressure filter (4) and pressure intensifier (6) appear; the latter is 
fed via connecting fitting P, from the primary side, by pump (1), and on the outlet of the secondary 
side, it delivers hydraulic oil at 700 bar in the cylinder rod chamber. Due to the pulsating mode of 
operation of the pressure intensifier, one uses this drive diagram for short displacements under 
load of the hydraulic cylinders or with the purpose of achieving and maintaining the load at the 
stroke end. 
State of the art in the field of technical applications for the use of low-pressure pumping units 
equipped with oscillating hydraulic pressure intensifiers (miniboosters) does not include applications 
with displacements of hydraulic cylinders that have high loads over the entire stroke. The aim of this 
paper is to demonstrate experimentally the possibilities of using miniboosters in such applications, 
too, with reasonable limits of uniformity and continuity of displacement of the actuated cylinders, as 
well as the possibilities of equipping the same low-pressure pumping unit with miniboosters with 
different amplification factors, depending on the type of application in which it is used. 

2.  Materials and Methods  

To achieve the proposed goal, the authors have used an experimental method by which they have 
monitored the dynamic behaviour of a hydraulic cylinder which, being fed into the piston chamber by 
a minibooster, moves with a constant load, equivalent to a pressure of 800 bar, over the entire 
stroke. The minibooster has been integrated into a low-pressure pumping unit, and the hydraulic 
cylinder under testing - in a test bench. Three sets of tests have been performed, one for each of the 
miniboosters [2] shown in figure 2 and table 1. 
 

  

Fig. 2. HC7 miniboosters [2] 
 

                                                  Table 1: Technical features of the miniboosters used in the set of three tests 

Minibooster technical features 
Minibooster code 

HC7-5.0-B-12 HC7-6.6-B-12 HC7-7.6-B-12 

Low pressure connecting fittings:  

IN (inlet) / R (return) 
1/4" BSPP 1/4" BSPP 1/4" BSPP 

High pressure connecting fitting H1 (pHP) M22 x 1.5 M22 x 1.5 M22 x 1.5 

High pressure connecting fitting H2 (pHP)  9/16-18 UNF 9/16-18 UNF 9/16-18 UNF 

Amplification factor i = pHP / pIN 5.0 6.6 7.6 

Maximum inlet flow rate:  Qmax IN [l/min] 14 13 13 

Maximum outlet flow rate: Qmax H1 [l/min] 1.6 1.3 1.1 

 
Note: 
Because the actual flow rate Qmax IN supplied by the low-pressure pumping unit (10.5 l/min) is less than the 
values in table1, the flow rates Qmax H1 will have lower values as well. 
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2.1 Low-pressure pumping unit equipped with minibooster  

 
 

Fig. 3. Low-pressure pumping unit equipped with minibooster:  
left side - overview; right side - hydraulic schematic diagram 

 
The pumping unit in figure 2 comprises: 1= oil tank (38 l volume); 1.1= fill and vent filter; 1.2= return 
filter; 2= low-pressure electric pump (4 kW; 1500 rev/min; 7.5 cm3/rev; 250 bar); 3= block with 
hydraulic devices (pressure control valve; pressure filter; 4/3 hydraulic directional control valve, Dn6, 
electrically actuated; 250-bar pressure gauge); 4= HC7 minibooster (technical features as in table 
1); 4.1= 2500-bar pressure gauge; 5= electric panel. 
Pressure adjustment on the circuit H1, which supplies the hydraulic cylinder actuated by the pumping 
unit, is done using the pressure control valve on the hydraulic block of the unit, and the adjusted 
value of this pressure can be read on the high pressure gauge, mounted in the connecting fitting H2. 

2.2 Test bench for low-pressure pumping unit equipped with minibooster  

 

 

Fig. 4. Test bench for pumping unit equipped with minibooster  
 

The structure of the test bench [3, 4] and the pumping unit in figure 4 is as follows: 
1: Module for clamping the hydraulic cylinders; 1.1: test cylinder with piston Ø= 38.1 mm, rod 
Ø= 25 mm, stroke length= 257 mm, pmax= 700 bar; 1.1.1: fitting that connects cylinder piston chamber 
with secondary side of the minibooster; 1.1.2: connecting fitting and hose for cylinder rod chamber; 
1.2= load cylinder with built-in stroke transducer and piston Ø= 80 mm, rod Ø= 45 mm, stroke length= 
300 mm, pmax= 300 bar; 1.2.1= cylinder chambers inlet check valves; 1.2.2= cylinder chambers outlet 
check valves; 
2: Low-pressure pumping unit (previously presented); 2.1, 2.2= hoses connecting the primary side 
of the minibooster to the consumers of the hydraulic directional control valve of the unit; 
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3: Pumping station for filling the load cylinder equipped with: 2-kW, 10-bar, and 90-l/min electric 
pump; oil tank with V= 180 l; filling pressure control valve; proportional pressure control valve (acting 
as load); fill and vent filter; return filter; 3.1= cylinder chambers fill fitting and hose; 3.2= cylinder 
chambers drain fitting and hose; 
4: Control and data acquisition module (figure 4 - right side) acquiring data from the transducers 
of: minibooster primary side pump pressure (p1); load cylinder pressure (p2); filling pump pressure 
(p3); minibooster primary side input flow rate (Q1); load cylinder flow rate (Q2); stroke (built into the 
load cylinder).  

2.3 Test conditions 

- Adjusted pressure at the safety valve of the pumping unit: Pr = 190 bar;   
- Adjusted pressure in the load cylinder: 800 bar (potentiometer adjustment value for load cylinder 
compression = 50%), for the test cylinder advance, and 20 bar (potentiometer adjustment value for 
load cylinder extension = 0%);  
- 3 sets of tests have been made, with the same load, one for each of the three miniboosters, item 
no. 2 in figure 5, which successively equipped the tested low-pressure pumping unit; 
 

 

Fig. 5. High-pressure test cylinder (1), powered by the minibooster (2)  
equipping the low-pressure pumping unit 

  

- The displayed (acquired) load pressure is amplified by the following factors: 4.41 (for compression); 
5.3 (for extension);  
- The parameters measured using the transducers have been as follows: minibooster primary side 
pressure (denoted P1 on graphs); load pressure equivalent to minibooster secondary side pressure 
(denoted P2 on graphs); load cylinder filling pressure (denoted P3 on graphs); minibooster primary 
side flow rate (denoted Q1 on graphs); load cylinder flow rate (denoted Q1 on graphs); load cylinder 
stroke (denoted C on the graphs).   

3. Results and discussions  

The following is the set of tests carried out for the pumping unit equipped with the minibooster with 
amplification factor i=5.0. At the end of the chapter, a comparison is made, by superimposition, 
between the time-variations of the displacement of the cylinders on the test bench, for the three 
cases of equipping a low-pressure pumping unit with miniboosters (i=5.0, i=6.6 and i=7.6).  
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3.1 Testing of the pumping unit equipped with minibooster, i=5.0 

 
 

Fig. 6. Time-variation of pressures P1, P2, and P3 
 

Figure 6 shows time-variations of the pressure in the minibooster primary side (P1), load pressure 
(P2) time-variations, and time-variations of the load cylinder filling pressure (P3), over two full strokes 
(extension + compression). On the first compression stroke, the P1 and P2 pressure pulsations are 
larger, because of the presence of air in the hydraulic circuits of the cylinders on the bench. 
 

 

Fig. 7. Detail: time-variation of pressures P1 and P2   
 

The detail in figure 7 shows the variations of pressures P1 and P2 [5], over two extension and 
compression strokes of the load cylinder. The detail has been made for the 165-185 bar pressure 
range; this range that does not contain the pressure P3 variation, too. It is noted that the peaks of 
the pressures P1, 183 bar roughly, are recorded when the direction of displacement of the load 
cylinder changes (transition from compression to extension), and equivalently the direction of 
displacement of the test cylinder changes (transition from advance stroke to retraction stroke).  
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Fig. 8. Detail: time-variation of pressures P1, P2, and P3 
 

The detail in figure 8 shows the variations of pressures P1, P2 and P3, over two compression strokes 
of the load cylinder. The detail has been made for a segment of the compression stroke of the load 
cylinder, corresponding to the 29-31 s time range and the 170-184 bar pressure range, for pressures 
P1 and P2, and the 0-20 bar pressure range, for pressure P3.      
One can notice that:  
- Variation of the pressure in the minibooster primary (P1) is within the range 174-177 bar.  
- Load pressure (that generates the resistive force of the test cylinder on the bench) variation is 
within the range 178-179 bar. Taking into account the ratio of the piston surfaces of the two cylinders 
on the bench, which is 4.41, this range becomes 785-789 bar.   
- Variation of the load cylinder filling pressure is within the range 17.5-18 bar.  
 

 

Fig. 9. Time-variation of flow rates Q1 and Q2 
 

Figure 9 shows the time-variations of flow rates Q1 and Q2, over two full strokes of the load cylinder 
(extension + compression). 
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One can notice that:  
- Maximum flow rate Q1, which is achieved on the extension stroke of the load cylinder (retraction of 
the test cylinder) is 12.5 l/min; 
- Maximum flow rate Q2, which is achieved on the extension stroke of the load cylinder (retraction of 
the test cylinder) is 20 l/min.  
 

 

Fig. 10. Detail: time-variation of flow rate Q1 
 

Figure 10 shows a detail of the flow rate Q1 variation [5], made for two full strokes of the load cylinder 
(extension + compression), over the 1-10 l/min flow rate range; this range does not contain the flow 
rate Q2 variation, too. 
One can notice that the flow rate Q1 variation, of maximum ± 1 l/min, relative to the average value 
of 6 l/min, on the first compression stroke of the load cylinder, drops to a maximum of ± 0.5 l/min, 
relative to the same average value, on the second compression stroke of the load cylinder. The 
explanation lies in the incomplete venting of the hydraulic circuits of the cylinders before the 
experimental tests began. 
 

 

Fig. 11. Detail: time-variation of flow rate Q2 
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Time-variation of flow rate Q2 [5], over two compression strokes of the load cylinder, over the 1-2 
l/min flow rate range, is shown in detail in figure 11. One can notice that the flow rate Q2 variation 
is max. ± 0.1 l/min relative to the average value of 1.3 l/min. 
 

 

Fig. 12. Time-variation of cylinder stroke  
 

Figure 12 shows the time-variation of the stroke of the two (test and load) hydraulic cylinders on the 
bench, when the load cylinder makes two full strokes (extension + compression). One can notice 
that the time to complete the compression stroke (test cylinder advance under constant load) is much 
longer than the time to complete the extension stroke (test cylinder idle retraction).   
The advance speed of the test cylinder under load is about 16 times lower than its idle retract speed 
because on the idle retraction stroke the test cylinder is fed with the full flow rate of the pump within 
the pumping unit, while on the advance under load stroke the same cylinder is fed only with the flow 
rate from the minibooster high-pressure connection.  

 

 

Fig. 13. Detail: time-variation of cylinder stroke 
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On the detail in figure 13, made for a time duration of 1 second (in the range of 10-11 s) and a 12-
millimeter load cylinder compression stroke segment (in the range 138-150mm) one can notice that 
the displacement of hydraulic cylinders on the test bench is roughly linear [5].  
 

 

Fig. 14. Time-variation of load cylinder stroke and flow rate 
 

Figure 14 shows the time-variation of the load cylinder stroke and flow rate over two full strokes 
(extension + compression). One can notice that:   
- During load cylinder extension (approx. 1.31 s) the maximum flow rate is approx. 20 l/min; 
- During load cylinder compression (approx. 15.6 s) the maximum flow rate is approx. 1.3 l/min; 
- Small variations in the load cylinder flow rate cause small deviations from its linear displacement. 

3.2 Comparative analysis between the variations of displacement of hydraulic cylinders on 
the test bench 

 

 

Fig. 15. Comparative analysis between the variations of displacement of hydraulic cylinders 
 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2022 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 9-10, Băile Govora, Romania 

 

 
140 

 

After completing the 1st set of tests for the pumping unit equipped with the minibooster i=5.0, the 
following steps have been taken:  
- The minibooster i=5.0 has been replaced with a minibooster i=6.6 and the 2nd set of tests has 
been carried out under the same conditions;   
- The minibooster i=6.6 has been replaced with a minibooster i=7.6 and the 3rd set of tests has 
been carried out under the same conditions; 
- The results from the three sets of measurements have been superimposed on the same graph of 
time-variation of the displacement of hydraulic cylinders, figure 15. 
Figure 15 shows a comparison between the displacements of the load cylinder on the bench, 
equipped with displacement transducer, under the following conditions: 
- The pumping unit, which supplies the test cylinder of the bench, is successively equipped with the 
three miniboosters, with different amplification factors (i=5.0; i=6.6; i=7.6);   
- The (test and load) cylinders on the bench make two full strokes of 250 mm each, for each direction 
of displacement; 
- The load cylinder creates approximately equal and constant resistive forces for the test cylinder, 
on its advance stroke, and zero load on its retraction stroke.  

4. Conclusions   

- Displacement of the cylinders on the bench is approximately linear for the three cases of 
equipping the pumping unit with miniboosters; 
- Advance speed rate under load of the test cylinder (displacement slope) decreases with 
increasing the minibooster amplification factor;     
- Idle (no load) retraction speed rate does not depend on the amplification factor of the minibooster; 
- The test cylinder moves slowly, but with no restraint or stiffness, on the advance stroke, and 
fast, on the retraction stroke;  
- Resistive force that the test cylinder can overcome is directly proportional to the amplification 
factor of the minibooster. 
- The tested pumping unit can be equipped with any of the three miniboosters; 
- For applications with hydraulic cylinders that need to move smaller loads at higher speed rates, the 
unit will be equipped with a minibooster with i=5.0, while for higher loads and lower displacement 
speed rates, the unit will be equipped with miniboosters with i= 6.6 or i=7.6. 
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Abstract: The present article presents the influence of insufficient cooling, the effects of high temperature on 
the hydraulic fluid and the influence of the fluid temperature on the hydrostatic transmission in the closed 
loop, with primary adjustment and its servo-mechanism. The hydrostatic transmission was studied with the 
help of the numerical simulation software AMESim, using the hydraulics library that also takes into account 
the effects of temperature on the hydraulic fluid. 
 
Keywords: closed-circuit hydrostatic transmissions, fluid temperature influence, servo-mechanisms, CAE. 

1. Introduction  

High working fluid temperatures are the result of heat generation in the hydraulic system. Because 
high working fluid temperatures can be so damaging to a hydraulic system, it is important to 
identify the source of heat generation [1]. Heat generation typically results from fluid flowing from 
an area of high pressure to an area of low pressure without performing useful mechanical work [2]. 
When hydraulic fluids are exposed to high temperatures for extended periods of time, they suffer a 
permanent deterioration in lubrication properties and a severe reduction in kinematic viscosity [3] 
(Fig. 1). Deterioration of hydraulic fluid leads to oxidation and sludge formation that clogs small 
flow sections [4]. At the same time, chemical reactions between the degrading additives will occur 
in the hydraulic fluid, all of which seriously compromise the performance of the fluid and the 
hydraulic drive and control system [5]. A significant decrease in viscosity, generated by higher 
working temperatures, also affects the behavior of the hydraulic fluid itself, negatively influencing 
the performance of the hydraulic system as a whole [6]. 
 

 

Fig. 1. Kinematic viscosity versus hydraulic fluid temperature and recommended intervals [7] 
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For an optimal operation of the hydraulic actuation systems, it is necessary that the viscosity of the 
hydraulic fluid falls within certain limits, between at least 16 and 36 cSt (Fig. 1) [8]. 
 

 

Fig. 2. Effects of Viscosity on Overall Efficiency [9] 

 
The optimal viscosity range, previously mentioned, ensures adequate lubrication of the system, 
limits volumetric losses and ensures a very good efficiency of the system [10] (as in Fig. 2, too). 

2. Material and method 

To study the influence of temperature on the system parameters, two numerical simulations were 
performed in AMESim, the first of which includes a cooling circuit, and the second one does not. 
The simulation network is represented in Fig. 3; it includes: a closed-loop hydrostatic transmission 
with primary adjustment, a PID type controller with automatic tuning and feed forward, the transfer 
box of the truck and the motor truck. This is a multifunctional motor truck; it is used in the field of 
construction; it moves at normal road speed rates and also at technological speed rates. 
 

 

Fig. 3. Simulation network of a motor truck equipped with a closed-loop hydrostatic transmission 
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The components, operation and initial parameters of the numerical simulation:  
 The thermal engine of the truck with a power of 240 kW operates at a constant speed of 

1000 rev/min and at this speed it can produce a maximum torque of 1020 Nm; it drives the 
servo-pump with a displacement of 210 cc/rev and the auxiliary pump with a displacement 
of 33 cc/rev; the pressure relief valves acting as safety valves in the closed loop circuit are 
adjusted to 450 bar and the pressure relief valve of the compensating pump is set at 25 
bar.  

 The hydrostatic motor with radial pistons has a fixed capacity of 1352 cc/rev and is 
connected to the servo-pump; connected to the same ports, there is also the loop flushing 
valve, whose pressure relief valve is adjusted to 20 bar.  

 The volumetric flow losses of the transmission together with most of the compensation 
pump flow rate is sent to the heat exchanger in order to cool the hydraulic fluid (ISO VG 46) 
or directly to the tank. 

 The servo-mechanism system of the main pump is composed of a Dn6 proportional control 
valve, calibrated nozzles with a diameter of 1.1 mm, a spring with an elastic constant of 175 
N/mm, a hydraulic cylinder with bilateral rods, with a piston diameter of 50 mm that controls 
the pump displacement and a PID controller. 

 The transfer case of the motor truck has a transmission ratio of 1.652 and the transmission 
ratio of the two axles is 4. 

 The motor truck has all-wheel drive and its velocity can be continuously variable, its total 
weight is 18 tons and it can carry a payload of 10 tons. 

3. Results 

After running the numerical simulation model of the hydrostatic transmission with primary 
adjustment of the motor truck, the following graphs result: 
 

 

Fig. 4. Time-variation of the motor truck displacement 

 
In Fig. 4 one can see how the displacement in the case of the system that does not benefit from 
cooling is limited. 
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In Fig. 5 one can notice that both motor trucks move on a road with the same slope, so the torque 
at the hydrostatic motor shaft is identical in both cases, as is the pressure of the two hydrostatic 
transmissions. 
 

 
Fig. 5. The slope of the road 

 
Fig. 6 shows how the velocity of the motor truck varies over time. 
 

 
Fig. 6. The velocity of the motor truck 
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In Fig. 7 one can see how the speed of the hydrostatic motor shaft decreases, proportional to the 
travel speed; this decrease is due to the increase in volumetric losses (Fig 8.); these losses 
increase over time because the temperature of the hydraulic fluid increases and simultaneously 
with this increase, the viscosity of the hydraulic fluid also decreases. 

 

 
Fig. 7. The shaft speed of the hydrostatic motor 

 

 
Fig. 8. Transmission volumetric flow rate losses versus hydraulic fluid temperature 
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Fig. 9 shows that the temperature of the hydraulic fluid affects the maximum speed of the motor 
truck. This limitation occurs because as the temperature of the fluid increases, the viscosity 
decreases and the volumetric losses of the transmission increase and a smaller flow rate reaches 
the port of the hydrostatic motor. 

 

 
Fig. 9. Variation of the travel speed versus the temperature of the hydraulic fluid 

 

 
Fig. 10. Total mass of the motor truck 
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The total mass of the motor truck is constant during simulation (Fig. 10), as is the driving force (Fig. 
11) with the exception of the acceleration period from the beginning of the simulation, as well as 
the torque on the two axles of the motor truck (Fig. 12). 

 

 
Fig. 11. The driving force of the motor truck 

 

 
Fig. 12. The torque at the two axles of the motor truck 
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Fig. 13 shows the variation over time of the pressure at the port of the servo-mechanism for 
regulating the flow of the servo pump. It can be seen that the hydrostatic transmission that does 
not benefit from cooling no longer achieves the pressure required to control the flow of the pump 
because the density of the hydraulic fluid has decreased too much (Fig. 14). 

 

 
Fig. 13. The pressure at the port of the servo-mechanism for adjusting the displacement of the servo pump 

 

 
Fig. 14. The time variation of the hydraulic fluid density 
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The time-variation of the kinematic viscosity of the hydraulic fluid is shown in Fig. 16; this variation 
occurs due to the increase in the temperature of the hydraulic fluid; likewise, in the case of the void 
content of the hydraulic fluid (Fig. 15). 

 

 
Fig. 15. The void content of the hydraulic fluid 

 

 
Fig. 16. Kinematic viscosity of the hydraulic fluid 
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The variation of the kinematic viscosity of the hydraulic fluid depending on the temperature is 
shown in Fig. 17, where one can see that the transmission that does not benefit from cooling 
worked up to a temperature of 74 °C and a kinematic viscosity of 12 cSt. 
 

 
Fig. 17. The kinematic viscosity of the hydraulic fluid depending on its temperature 

 
The heat flow rate between the heat exchanger and the environment is shown in Fig. 18. 
 

 
Fig. 18. Heat flow rate between heat exchanger and environment 
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4. Conclusions 

 In the case of servo-mechanisms, the viscosity of the hydraulic fluid must not be strictly 
controlled, but must be kept within the limits specified by the manufacturer.  

 If the cooling circuit of the transmission and the heat exchanger are not sized correctly, in 
certain situations when the temperature of the environment is very high or the transmission 
has not been optimized to cope with certain load conditions, the temperature of the 
hydraulic fluid can increase. Along with this increase, the viscosity decreases, and if it 
decreases too much, the volumetric losses will be too high and the servo-mechanism will 
no longer be able to control the flow rate of the pump. 

 Unlike open loop transmissions that can operate at the limit even at temperatures of 80 
degrees Celsius but with significant volumetric losses and for a short time, closed loop 
hydrostatic transmissions require a lower hydraulic fluid temperature during operation due 
to the sensitivity to the viscosity of the hydraulic fluid of the servo-mechanisms.  
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Abstract: In vineyard residual biomass is obtained that can be used locally to produce electricity, heat and 
biochar, when and as much as necessary, so necessary in this state of actual energy crisis. In RO 2021, 
160000 ha were cultivated with vines and a minimum of 0.274 Tg.br.db dry vine ropes with an energy 
potential of 1.45 TWh/year would be collected. In farms from vine prunings, chopped and dried, with CHP 
equipment is produced electricity for own use with an efficiency of 19% and a thermal energy with efficiency 
of 52%. With CHAB systems heat and biocar is produced, biocar is used as an agricultural amendment or is 
gasified to produce gas.bc that can locally replace natural gas, or electricity production with a CHP. The 
vineyard activity is seasonal, the collection and storage of biomass for energy use is an investment and lock-
up of capital, recoverable through lower costs and the supply of energy when and as much as needed. 
Ecological variants with energy and economic efficiency are analyzed. Chopped and dried vine prunings as 
well as biochar represent an energy stock that can be used when and as much as needed in wine growing 
units to ensure safe and economical operation.  

Keywords: Vine prunings, power, heat, biochar, carbon footprint  

1. Introduction  

In the current energy crisis, the utilization of local resources is essential to ensure operation when 
and as much as necessary. 
One problem with systems that harness the solar and wind resource is that they cannot deliver 
energy immediately and as needed, that is, they are not dispatcable. 
In Romania, in august 2022 there were 23,400 prosumers with a power of 200 MWe produced by 
photovoltaics and wind with a share of biomass below 2%. Energy is produced during the day and 
when there is wind, which loads the distribution network heavily because it is above the actual 
consumption, which has imposed restrictions. 
A storable energy source is residual vegetable biomass from which, when and as much as needed, 
thermal energy, electricity and biochar are produced locally that can be used as an energy stock or 
as an agricultural amendment that sequesters carbon for long periods of time. 
Romania has an annual reserve of residual vegetal agricultural biomass of at least 20 Tg.br/y to 
which viticulture contributes with 3% quality residual woody biomass. 
From biomass local energy is produced by direct burning, pyrolysis or gasification when and as 
needed. Cogeneration is the most energy-efficient and economical option to produce electric and 
thermal energy. 
For farms and small communities, the intelligent energetic network type Smart Grid concept 
represents the trend of decentralizing power supply from various sources of energy through the 
organization of energy network. The Smart Grid system identifies the status and charging of all 
network elements, it can provide basic loading and can prevent real-time overhead from managing 
network-connected power sources. 
Locally, the most complete utilization of the residual biomass from vineyard represents a major 
contribution to sustainable development that also involves increasing the level of energy 
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independence of farms, which is desirable that correlates with the current ecological requirements 
of reducing CO2 emissions and economic sequestration of atmospheric carbon in agricultural soils. 

2. Materials and methods 

The chemical composition and heat of combustion of cut vine ropes is relatively uniform regardless 
of the vine variety grown. [1, 2, 4] 
Table 1 shows the estimate potential of residual biomass from viticulture for Romania in 2021. 
 

                                              Table 1: Rezidual mass vine prunings in RO 2021 

Feature U.M. Value 

Cultivated area in RO 2021 Mha/an 0.1656 

Vine prunings dry Mg.br/ha 1.828 

Collection rate % 90 

Usable collected dry vine prunings Mg.br/ha 1.645 

Annual dry vine prunings mass collected Tg.br.db/an 0.272 

Vine prunings average HHV   TWh/Tg.br.db 5.320 

Energy potential at mass annual collected TWh/an 1.449 

Energy consumption for biomass chopping  MWh/MWh.br 0.030 

Annual energy consumption for chopped mass TWh/y 0.008 

Annual usable energy from chopped mass TWh/y 1.441 

 
It is found that at 90% annual collection rate, 272 Gg.br/y biomass would be obtained with an 
energy potential of 1.45 TWh/y. Collection, transport, chopping and storage consume energy and 
produce CO2 emissions. Energy consumption was found to be no more than 0.8–1% of string 
energy, for drying with waste heat and chopping with electricity produced from biomass. 
For the production of energy from biomass, excluding direct combustion with a lot of PM2.5 and 
positive CFP, thermo-chemical conversion processes such as autothermal pyrolysis and 
gasification are currently used, which produce fuel gas, called gas.bm, as well as vegetable 
charcoal sterile and porous called biochar (BCH). 
The current concept used called CHAB - Combined Heat and Biochar production - ensures a very 
good utilization of a large variety of plant biomass. [6, 7]. They are systems with batch operation to 
produce water or hot air, or hot gases for technological processes, when and as much as 
needed, reducing the need for heat storage. They are usable with powers from 20 to 200 kWth. 
The installations named SEB.HW, systems for hot water and biochar production, gasify biomass 
and produce thermal energy with an efficiency of 45-50%, as well as high quality biochar with 
molar ratios O/C <0.2 and H/C < 0.4 with very few volatiles. [6, 7, 9]. In [8] are presented the 
performance of a SEB.HW.100 system for vine prunings. 
For the production of electricity, the vine prunings (BVR) is gasified in the CHP with an energy 
efficiency of 20% and a thermal efficiency of 60%. [10, 13].  
In [8, 13] are presented the performance of a CHP type HK45 Spanner that produces electricity 
with an energy efficiency of 19% and thermal energy with an efficiency of 52%. 
Figure 1 shows the block diagram of a SEB.HW system and Figure 2 shows the block diagram of a 
CHP with vegetable biomass. [7, 8].  
The biochar produced by SEB.HW can be used for energy production through gasification with a 
positive CFP, or as an agricultural amendment or filter material with a negative CFP. Typical is an 
electrical energy efficiency of 30% and thermal efficiency of 56%. Figure 3 shows the block 
diagram of the ways of using the biochar produced by systems with the CHAB concept, the 
production of gas.bc, electricity, heat or agricultural amendment and as filter material. 
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Fig. 1. Block diagram for a SEB.HW 

 

Fig. 2. Block diagram for a biomass CHP 

 

Fig. 3. Block diagram of biochar utilization for energy and amendment 
 
The biochar obtained from the gasification of vineyard prunings has very few volatiles, it gasified 
with CO2, H2O and air produces a gas.bc with very little tar and high HHV, usable instead of 
methane gas in local Smart recipes. 
Table 2 shows the results of the gas.bc production estimation in different versions by the share of 
gasified biochar, 100 % or zero. From the 100 % potential of 458 GWh/y, gas can be obtained, 
which would replace about 34.3 million m3 of natural gas. 
If less than 75% of the biochar produced is gasified, the energy conversion operation is done with 
a negative CFP, the biochar used as an amendment sequesters the carbon taken from the 
biomass for long periods of time. 
Gas.bc can be used to power generators, similar to CHP, with an electrical efficiency of 30% and a 
thermal efficiency of 56%. If less than 70% of the biochar produced is gasified the CFP is zero or 
negative. 
Gasification of biochar with CO2, H2O and air produces a combustible gas with CO, H2 and CH4, 
similar in use to natural gas, which can be a substitute when and as needed in areas without a gas 
network where PLG is used. 
Table 3 shows the functional performances of using biochar for the production of electricity and 
heat with CHP systems. 
Modern electrical energy production systems with internal combustion engines use gas engines 
that operate in single mode, constructively optimized and with extremal autocontrol to operate 
around the economic pole. Real yields reach 50%, but for the case studied, 42% is a value 
confirmed by functional hybrid systems. 
The functional advantage of the CHP with biochar is that it can operate at idle at 20% of the load, 
from gas.bc produced by producing usable heat. The system produces electricity when needed 
locally or in the grid where it is connected. 
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                                                                  Table 2: Gas.bc from GBC WITH biochar for NG replacement 

Feature U.M. Value 

Biochar relative mass gasified  % 100 75 50 25 0 

Annual biochar input energy TWh/y 0.458 0.343 0.229 0.114 0.000 

Biochar Mass not gasified Tg.bc/y 0.000 0.014 0.027 0.041 0.054 

Carbon mass sequestered in soil TgC/y 0.000 0.011 0.022 0.033 0.044 

Mass of CO2 sequestered in soil TgCO2/y 0.000 0.040 0.081 0.121 0.162 

Energy efficiency of gas.bc cooled  % 75 75 75 75 75 

Gas.bc specific HHV MWh.gbc/Mg.bc 6.300 6.300 6.300 6.300 6.300 

Annual energy gas.bc cooled TWh/y 0.343 0.257 0.172 0.086 0.000 

HHV of natural gas kWh/m3 10.000 10.000 10.000 10.000 10.000 

Volume of NG with equal energy Mm3.ng/y 34.328 25.746 17.164 8.852 0.000 

 
                                                                                           Table 3: CHP with biochar from vine prunings 

Feature U.M. Value 

Biochar relative mass gasified  % 100 75 50 25 0 

Biochar mass gasified  Tg.bc/an 0.054 0.041 0.027 0.014 0.000 

Annual biochar energy for CHP  TWh/an 0.458 0.343 0.229 0.114 0.000 

Energy efficiency cooled gas.bc  % 75 75 75 75 75 

Gas.bc engine yield % 42 42 42 42 42 

Electric generator yield % 95 95 95 95 95 

Electrogenerator yield % 39.9 39.9 39.9 39.9 39.9 

Electricity production efficiency % 29.9 29.9 29.9 29.9 29.9 

Electricity annual production TWhe/y 0.137 0.103 0.068 0.034 0.000 

Yield heat recovery gas.bc cooling % 21.3 21.3 21.3 21.3 21.3 

Yield heat recovery from gas engine % 34.8 34.8 34.8 34.8 34.8 

Heat recovery yield % 31.4 31.4 31.4 31.4 31.4 

Recovered  heat from cooling gas.bc MWhth/Mg.bc 1.785 1.785 1.785 1.785 1.785 

Recovered  heat from gas engine MWhth/Mg.bc 2.923 2.923 2.923 2.923 2.923 

Heat production in CHP MWhth/Mg.bc 4.708 4.708 4.708 4.708 4.708 

CHP heat production efficiency % 56.1 56.1 56.1 56.1 56.1 

Heat annual production TWh.th/y 0.257 0.192 0.128 0.064 0.000 

Cogeneration efficiency % 86.0 86.0 86.0 86.0 86.0 

Cogeneration index   0.534 0.534 0.534 0.534 0.534 

Annual energy  production  TWh/y 0.394 0.295 0.197 0.098 0.000 

CFP emitted from CHP operation  kg.CO2/Mg.bc 35.000 35.000 35.000 35.000 35.000 

Annual CFP emitted from CHP 
operation  

Mg.CO2/y 
1.907 1.430 0.954 0.477 0.000 

 
If all the 100 % of biochar produced annually is gasified, 137 GWh.e of electric energy can be 
obtained, as well as 257 GWh.th of thermal energy. For a zero or negative emission, a maximum 
of 70% of the biochar produced must be gasified. 
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3. Results 

Table 4 shows the products obtained from gasification in SEB.HW systems from vine prunings. 
The calculations were made for the entire mass of BVR collectable at RO level, 650 GWh.th/y 
thermal energy and 54 Gg.bc/y quality biochar with positive CFP can be produced annually. 
If more than 30% of the produced biochar is used as an agricultural amendment, a negative CFP is 
obtained for the entire energy conversion operation. 
 
                                                           Table 4: Energy and biochar from SEB.HW systems 

Feature U.M. Value 

Energy efficiency heat production % 0.450 

Annual heat production TWh/an 0.652 

Average biochar production   g.bc/g.br.db 0.200 

Biochar mass annually produced  Tg.bc/y 0.054 

Average Carbon content of biochar g.Cbc/g.bc 0.810 

Annual Carbon mass from biochar Tg.Cbc/y 0.044 

Biochar HHV kWh/kg.bc 8.400 

Annual biochar energy potential TWh/y 0.458 

CFP emitted from CHAB plant operation  kgCO2/Mg.br 135.000 

CFP emitted from CHAB plant operation  kgC/Mg.br 36.818 

BCH incorporated into soil for CFP=0 kg.bc/Mg.br 45.455 

Relative mass BCH gasified for CFP=0 % 77.3 

 
The economic analysis of the use of an HK45 CHP manufactured by Spanner is presented in table 
5. The usage period for the LCA study was chosen to be only 5 years to investigate whether 
extensive operation at full production capacity can be economic. 
At maximum load, 285 tons of dry biomass are consumed annually, which would be harvested 
from 160 ha, so it would be feasible for a farm with at least 200 ha cultivated, or for a similar 
association. 
Production costs below 150 €//MWhe depend a lot on the value of the collection, transport, 
chopping, drying and storage operations. The value of 120 €//Mg.bcr.db is relatively covering for a 
modern technology use, which requires investments recoverable in 5-8 years. 
The important advantage of the HK45 type systems is that they can work with woody chips from 
different origins, forestry, energy crops, etc. [13] 
For lower electrical powers, it is recommended to use ECO20X type CHP aggregates produced in 
Italy. It produces 20 kWe and 40 KWth with an average hourly consumption of 25 kg.br/h. 
 
                                           Table 5: Economic evaluation of HK45 with chopped vine prunings 

Feature U.M. Value 1 Value 2 

Live Cycle operating time y/LC 5 7 

Average load level  % 100 71 

Annual operating time h/y 7000 5000 

Electricity produced annually  MWhe/y 315 225 

Heat produced annually MWh.th/y 700 500 

Annual consumption of biomass Mg.bm/y 283.5 202.5 

Price chopped vine prunings  €/Mg/bm 120 120 

CHP specific investment €/kWe 2500 2500 
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Installation and start-up  % 10 10 

Total investment for CHP € 123750 123750 

Biomass storage € 6000 6000 

Distribution electric block € 4500 4500 

Total investment € 134250 134250 

Feature U.M. Value 1 Value 2 

Annual maintenance rate costs  % 10 10 

Maintenance costs for live cycle €/LC 13425 13425 

Operator cost for live cycle €/LC 60000 84000 

Prices ratio MWh.th / MWh.e   0.376 0.376 

Equivalent electricity production MWhe.ech/y 578.038 412.923 

Total operating costs €/LC 207675 231675 

Annual operating costs €/y 41535.00 33096.43 

Annual biomass expenses €/y 34020.00 24300.00 

Annual operating costs  €/y 75555.00 57396.43 

Share of biomass expenses % 45.03 42.34 

Cost electricity production  €//MWhe 130.71 139.00 

Cost heat production €//MWhth 49.12 52.24 

ENEL network tariff lei /kWhe 1.230 1.230 

ENEL network tariff €//MWhe 246.000 246.000 

Electricity tariff difference  €//MWhe 115.291 107.000 

Heat tariff  €//MWh.th 64.000 64.000 

Heat tariff difference €//MWh.th  14.884 11.757 

Investment recovery time  operating day 811.512 909.030 

Investment recovery time year 2.782 6.109 

Annual saving electricity production €/y 36316.52 24074.95 

Annual saving heat production €/y 10418.48 5878.62 

Annual saving operating CHP €/y 46735.00 29953.57 

Saving from operating costs  % 61.86 52.19 

 
It is worth noting that the cost of electricity production is similar to that of 2021, which made the use 
of CHP with biomass economical in terms of ensuring energy independence. In 2022, in the midst 
of the energy crisis, the production cost is below 60% of that practiced on the networks, which 
ensures real economic efficiency. 
Since the production costs depend on the cost of using the residual biomass, it is economical to 
process and store it for larger quantities, corresponding to about 100 ha of cultivation, so for 
growers' associations. 
For higher powers, systems with 150 kWe or 600 kWe can be used, which, however, are debited to 
the network and require large amounts of biomass. 
 

                        Table 6: Economic evaluation for using gas.bc to replace natural gas 

Feature U.M. Value 

Biochar relative mass gasified  % 100 75 50 25 

Conversion rate  euro/leu  lei/€ 4.95 4.95 4.95 4.95 
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Energy price for 2022 natural gas  lei/MWh 472 472 472 472 

Energy price for 2022 natural gas €/MWh 95.35 95.35 95.35 95.35 

Energy price for 2022 PLG  lei/MWh 1792 1792 1792 1792 

Energy price from PLG €/MWh 398.22 398.22 398.22 398.22 

Production price gas.bc €/Mg.bc 850 850 850 850 

Price energy from gas.bc €/MWh 134.92 134.92 134.92 134.92 

Price energy between PLG and gas.bc €/MWh -263.30 -263.30 -263.30 -263.30 

Additional annual income from gas.bc M€/y 90.386 67.790 45.193 22.597 

 
Table 7 shows the evaluations of carbon emissions produced by the energy recovery of BVR 
according to the share of BCH used for gasification in GBC or CHP. 
For 100 % of biochar gasification the CFP is positive, but much lower than those produced by the 
use of fossil fuels. CFP ≈ 0 can be obtained for 25% BCH used as an agricultural amendment. The 
use as an agricultural amendment produces a long-term sequestration with the value of -0.46 
Tg.CO2/Tg.br, which annually for viticulture would represent - 25 Gg.CO2/y equivalent for a 
consumption of 4100 tons of diesel. 

 
                                                                    Table 7: Carbon footprints from energetic uses of vine prunings 

Feature U.M. Value  

Annual biochar mass gasified  % 100 75 50 25 0 

CFP from SEB.HW Mg.C/Mg.br 0.037 0.037 0.037 0.037 0.037 

Annual CFP from SEB.HW Tg.C/y 0.010 0.010 0.010 0.010 0.010 

Annual CFP from CHP operation  Tg.C/y 5.2E-04 3.9E-04 2.6E-04 1.3E-04 0 

Annual CFP from energy production  Tg.C/y 0.011 0.010 0.010 0.010 0.010 

Sequestered carbon from amendment Tg.Cbc/y 0 0.011 0.022 0.033 0.044 

Annual CFP for energy TgC/y 0.010 -0.001 -0.012 -0.023 -0.034 

Annual CFP for energy production Tg.CO2/y 0.037 -0.004 -0.044 -0.085 -0.125 

Specific CFP energy production Tg.CO2/Tg.br 0.135 -0.014 -0.162 -0.311 -0.459 

4. Conclusions  

In the current energy crisis, the use of renewable, storable local energy resources is even more 
urgent, with which energy can be produced for productive or domestic use when and as much as 
necessary, preferably with a negative carbon footprint. 
In RO viticulture, it is produced annually on 160,000 ha from which a minimum of 272 Gg.bvr.db/y 
dry vine prunings with an energy potential of 1.45 TWh/y would be collected, an energy resource 
from which through pyrolysis and gasification produces heat, electricity and biochar. 
By gasifying BVR in systems with the CHAB concept, 650 GWh.th/y of heat and 54 Gg.bc/y of 
quality biochar can be obtained with the energy potential of 458 GWh/y, without residues and with 
very low CFP. 
From the biochar gasification, a gas.bc is obtained that could annually replace 34.3 million m of 
natural gas, or about 137 GWh.e/y and 257 GWh.th/y of heat would be produced with CHP. 
The economic estimate indicates that the use of gas.bc instead of PLG is economically efficient, 
reducing annual expenses by up to 90 million euros in wine farms. 
At a use of 50% of biochar as an agricultural amendment the energetic and ecological use of BVR 
is made with a negative carbon footprint of -44 Gg.CO2/y. 
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A wine farm with 100 ha can annually collect a BVR mass of 165 Mg.bvr.db/y from which a CHP 
produces 180 MWhe/y and 400 MWh.th/y. Gasified in SEB.HW systems, 390 MWh.th/y and 33 
Mg.bc.y biochar are obtained. 
It is economically feasible to use CHP with biomass for the production of electricity and heat, with 
lower energy costs than the current ones, with a maximum investment payback time of 4 years. 
The paper highlights the current usefulness of harnessing the energy potential of the residual 
viticultural biomass, being the basis for the development of optimal variants, adapted to the real 
conditions of the viticultural farms.  
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Abstract: The paper presents the design, implementation and testing of a stepper motor controller with soft-
start function based on 32-bit microcontroller. The soft-start is implemented using the S-curve due to its 
simplicity and its ability to control the maximum values of speed and acceleration, key parameters for many 
mechatronic systems. Theoretical aspects are briefly presented, as well as software and hardware solution 
and its testing and measurement on a specific test bench. 

Keywords: S-curve, stepper motor, microcontroller 

1. Introduction  

Many mechatronic applications require fast and precise movement of actuators from one point to 
another. Shocks in the actuator mechanism should be avoided and a smooth operation is 
preferred; these requirements are harder to meet at the start of the motion, especially in the case 
of actuators implemented with stepper motors that have movement divided in discrete parts. Soft-
start operation is a good solution for such systems, and this technique involves slower movement 
at the beginning, with controlled (limited) speed and acceleration. 
A good implementation of soft-start operation is the S-curve, which offers limited speed, 
acceleration and jerk ([1]). At the start of the motion, the speed is slow but gradually increases up 
to a maximal value; near the end of the movement, the speed starts to decrease in the same way. 
In typical mechanical movements, a 0.5 seconds timespan for the S-curve profile is a good value. 
Considering this parameter, the S-curve can be obtained from trigonometric functions, as follows in 
formula (1):                        𝑦(𝑡) = ∫ 𝑠𝑖𝑛2(𝑥)𝑑𝑥𝑡0                                                   (1) 

This particular function offers S-type curve for a 0.5 seconds timespan. Calculating the integral, we 
can obtain the simplified equation for the S-curve, as formula (2):  
                      𝑦(𝑡) = 2𝜋 (𝜋𝑡 − 14 𝑠𝑖𝑛(4𝜋𝑡))                                                  (2) 

This formula can be used by a microcontroller to generate a pulse train with variable period for 
driving a stepper motor; an integrated timer module simplifies this task. The period of the pulse can 
be calculated on the fly (for each pulse the microcontroller calculates its period, performing 4 
multiplications and one difference) or, for improved speed but with larger memory consumption, 
this function can be tabulated (calculated before using a mathematical software and stored as a 
vector in microcontroller program memory). Because modern microcontrollers offer large program 
memory space, the second method is preferred due to its speed and easier software 
implementation (the program parses the pulse period vector and sets the timer to generate the 
pulse accordingly).  
 
The S-curve described by equation (2) for a 0.5 seconds timespan is shown in figure 1. 
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Fig. 1. Proposed S-curve with 0.5 seconds timespan  
 

This curve will be used to generate variable period/frequency pulses for a stepper motor driver 
from lower frequencies (start frequency is in 100Hz...1kHz range) up to 30kHz.  

2. Software Implementation 

An Object-Pascal based Windows application was developed to generate the vector values for the 
presented S-curve. The application, shown in figure 2, generates the vector of configuration values 
for a microcontroller timer programmed for a 0.25microsecond ticks.  
 

       

Fig. 2. Main window of Windows application for generating vector values for S-curve  
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This 0.25 microsecond value can be precisely generated using a standard 16bit timer of the 
STM32F205 microcontroller. The microcontroller is clocked at 120MHz so it has enough power for 
industrial process control and enough granularity for timer. 
In the application, current pulse period (in microseconds) and time (in seconds) are stored on the 
left memo box; in the middle memo box is shown a statistics of values for the timer configuration 
(the value and the number of times it repeats), and the right memo box is the vector itself, that can 
be pasted into C source code of the microcontroller program. The bottom labels contain the total 
number of vector values and the number of different values. This information is useful when 
defining vector size or for other optimizations. 
The generated S-curve values for frequencies between 100Hz and 30kHz are shown in figure 3.  
 

       

Fig. 3. Calculated S-curve for frequency sweep from 100Hz to 30kHz in 0.5 seconds  
 

Figure 4 presents pulse width, which decreases from 10 miliseconds to 33.3 microseconds.   
 

       

Fig. 4. Calculated period of pulses for frequency sweep from 100Hz to 30kHz in 0.5 seconds  
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Different vectors can be generated for other start frequencies (200Hz, 333Hz, 500Hz or 1kHz) and 
can be grouped in a matrix for more flexibility; each vector element requires 2 bytes of flash 
memory, about 16 kBytes for the entire vector ([4]). This memory requirement is not a problem for 
STM32F205 microcontroller that has a flash memory of 256kBytes...1MByte, depending on chosen 
chip version.  
In our application we use an array of 8 S-curve vectors, but the microcontroller has enough 
memory for more vectors (up to 32). 

3. Test and Measurements 

The S-curve software was written in C language for ARM Cortex-M processors (STM32F205 
belongs to this category) and implemented in an electromechanical system for electric discharge 
machining. This system moves the electrode for electric discharge using an actuator with stepper 
motor and rotary encoder, as shown in figure 5.  
 

       

Fig. 5. System view, microcontroller board and actuator with stepper motor, rotary encoder and LVDT sensor  
 

A LVDT displacement sensor ([3]) is fixed to the actuator to measure the real displacement and to 
observe if any motor steps are missing. The microcontroller board, shown on the left side, is 
detailed in figure 6. 
 

       

Fig. 6. Microcontroller board, detailed 
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The microcontroller board uses many optocouplers to isolate the digital command signals from the 
power signals ([2]); there is also a serial connection to a programmable logic controller (PLC) that 
offers human to machine interface using a touch panel. 
The following pictures present the generated pulses for stepper motor driver (blue traces), 
measured displacement from LVDT sensor (green traces) and logic commands from master 
programmable logic controller – stop command (magenta traces) and slow command (orange 
traces). These signals were observed during an up-down periodic movement with 0.5 seconds 
pause at the end. Noise can be observed at the LVDT sensor output, due to the electric discharge 
process running in the same time. 
 

       

Fig. 7. Pulses from stepper motor controller for an up-down movement  
 

       

 

Fig. 8. Pulses from stepper motor controller for an up-down movement, detailed 
 

Presented traces for stepper motor traces have lower pulse density at the start and the end of the 
motion and higher density in the middle, but the limited number of memory points of the digital 
oscilloscope as well as aliasing affects the display of the trace when trying to show the pulses on a 
larger timespan.  
Nevertheless, the system works as expected and each pulse has the correct timing.  
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4. Conclusions  

Soft-start option is an important feature in mechatronic systems such as stepper motor based 
actuators because it reduces the number of lost steps at the beginning of the motion. Soft-start is 
usually implemented as a variable speed with an S-curve profile that can be easy implemented 
using a 32-bit microcontroller with enough memory resources. Our implementation, based on 
STM32 microcontroller from ST Microelectronics, was tested and fulfilled its requirements.  
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Abstract: In this paper, the author studied the characteristic of the hydraulic isolators regarding the vibration 
transmissibility under harmonic excitations developed in the working regime of roller. A nonlinear dynamics 
model of the vibratory roller under drum-terrain interaction can be established based, usually, on Matlab 
environment. The accelerations of the vertical driver’s seat and the cab’s pitch angle can be simulated with 
high accuracy. The research results available at technical literature indicate that the characteristics of non-
linear damper of the hydraulic mounts can greatly reduce the vertical driver's seat vibration and cab 
comparative with the vibratory roller's cab using the traditional rubber mounts. 

Keywords: Vibratory roller, hydraulic isolator, ride comfort, cab. 

1. Introduction  

The purpose of this review consists on highlighting the isolation performances of hydraulic mounts 
of vibratory compactors equipments compared to solutions that have other insulation principles. As 
a consequence of the technical progress in the field of construction machines, over time, especially 
in the case of vibratory rollers, the performance requirements imposed on them (to ensure the ride 
comfort) have become very high according to the standard of ISO 2631-1 [1]. Knowing the 
characteristics of these anti-vibration systems embedded in the structure of the compactor, various 
models were developed to simulate the dynamic actions that occur during the working process, most 
of them with one degree of freedom based on the standard Kelvin-Voigt spring-damper model (with 
linear or nonlinear parameters) in combination with others rheological devices (Fig. 1). 
 

     

Fig. 1. Principle of isolation mounts modelling [2] 
 

To isolate vibrations of compactor cab caused by vibratory roller excitations, low stiffness and low 
damping are needed because the dynamic force transmitted to the body is proportional to the 
stiffness and damping of the mount. 

2. Modelling of the rubber and metal-rubber mounts for cab isolation 

In order to isolate the vibration sources generated from the wheels and the vibratory drum of vibratory 
compaction machines to the operator, its seat and the cab were equipped with various isolation 
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systems. First solutions are based of rubber elements (Fig. 2) interposed between cab-chassis and, 
respectively, cab floor - operator seat. 
 

     
 

Fig. 2. Traditional rubber mounts for cab isolation  
 

Later, metal rubber anti vibration cabin mounts (Fig. 3) are developed as industrial mounts with 
efficiency in vibration isolation of engines, cabs and other devices. These are available in different 
types of steel and rubber mesh and are use in common applications in earthmoving machinery fields, 
military vehicles, agricultural equipments, etc. 
 

   

Fig. 3. Common rubber-metal mounts for cab isolation 
 

The settlement of the cab of vibratory compactors on these rubber elements is illustrated in Figure 
4, together with the lumped model with a degree of freedom for studying the behaviour of the 
analysed system.  

  
                                                    a)                                                               b) 

Fig. 4. Cab isolation with rubber mount: 
a) Rubber mount; b) Lumped model of cab - rear frame isolation [3] 

3. Modelling of the hydraulic mounts for cab isolation 

Hydro mount models are more complex than rubber models. The model is designed to accurately 
predict the behaviour when the real design parameters like the fluid channel length and area are 
given [4, 5]. Figure 5 shows an example for this type of mount usually used for cab isolation. 

 

Fig. 5. Solutions for cab isolation with hydraulic mounts [6] 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2022 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 9-10, Băile Govora, Romania 

 

 
168 

 

Hydraulically damped mounts use the tuned cab mass damping effect and additional fluid damping 
in order to assure high dynamic stiffness and damping around the tuned resonance frequency of 
vibrations generated by the vibratory roller (Fig. 6). 
 

 

Fig. 6. Simple hydro mount model [7] 

 
To characterize the mount’s dynamic behaviour the force-displacement loops are measured at 
sinusoidal excitation with increasing frequency, for different amplitudes. The resulting average 
dynamic stiffness kdyn at sinusoidal excitation is much higher than the static stiffness and depends 
on the frequency and amplitude (dynamic stiffness range: 2500-4500 N/mm; frequency range: 10-
25 Hz). Thus, the evaluation of this isolation model under transient excitations has covered a large 
amplitude range and simulation put into evidence very good response to measured loads, being 
recommended for use on a large scale on a varied range of heavy machines [7]. 

4. Modelling of the hydro pneumatic mounts for cab isolation 

The research results show that the cab shaking and the vertical vibration of the operator’s seat were 
improved compared to the constructive solution of the cab’s hydraulic mount without control [8] and 
we remark the various solution for the semi-active hydraulic mounts seat suspension and cab’s 
horizontal damper [8, 9] illustrated in the Figure 7. 
 

 

 

a)                                                                                             b) 

Fig. 7. Modelling of vibratory roller for ride comfort simulation with hydro-pneumatic mounts: 

a) Hydro pneumatic mount; b) Semi-active lumped models of cab - frame isolation [12] 

The force output of the PID control is governed by the next law: 
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 𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡𝑡0 + 𝐾𝑑𝑒(𝑡)̇ ,                                         (1)  

where e(t) represents the displacement error the cab frame. The adequate values for Kp, Ki, and Kd, 
are chosen from a variable range as [Kpmin, Kpmax], [Kimin, Kimax], and [Kdmin, Kdmax], respectively, in 
function by the performance evaluation indexes regarding the ride comfort that we supposed to be 
achieved, for individual constructive and functional characteristics of each vibratory compactor type 
(with single or two vibratory rollers). 

5. Methods for ride comfort simulation  

To further improve the ride performance of the vibratory compactors, the cab insulation systems 
were controlled by multiple type of control: Fuzzy and PID-Fuzzy control applied in the frequency 
domain, in the time domain or in both [8-11]. The need for vibration control is based on the 
requirements of the Occupational Safety Standards that imposes maximum levels for the whole-
body vibration (WBV) felts by the operator, to limited value 0.5 m/s2. Therefore, it was suggested 
that a low-frequency range of 4–10 Hz for the vertical and of 0.5–2 Hz for the rotational vibrations 
seriously affected the driver’s health and safety.  
On the other hand, the root-mean-square (RMS) and power spectral density (PSD) acceleration 
responses on the vertical motion of the driver’s seat and pitching cab angle were chosen as the 
objective functions (for performance evaluation indexes) under the working condition of the vibratory 
roller during the compaction process [12-15]. Thus, based on the international standard ISO 2631, 
the RMS of acceleration responses is determined by the formula: 
 𝑎𝑅𝑀𝑆 = √1𝑇 ∫ 𝑎2(𝑡)𝑑𝑡𝑇0 ,                                                          (2) 

 

where a(t) is the weighted acceleration (translational and rotational) as a function of time, in 
m/s2; T is the duration of the measurements, in s. 
Mostly, the numerical simulation of the vibratory behaviour of the cab in Matlab environment were 
performing with best accuracy results using dedicate modules for processing data measured or 
simulated. The processing algorithm on which the simulation is based derives from solving the 
differential equations of motion of the rheological model associated with the physical one, having 
multiple degrees of freedom. In some cases, only the damping element and the compactor cabin are 
considered, and in other cases, the heavy machine is approached as a whole system, subject to 
excitations given by the dynamic working regime or by the unevenness encountered on the terrain 
(as can be seen in the Fig. 8).  

 

Fig. 8. Vibration mitigation at cab/operator’s seat [16] 
 

Generally, the motion equations of the vibratory compactor can be represented as matrix form thus: 
 [𝑀]{�̈�} + [𝐶]{�̇�} + [𝐾]{𝑍} = {𝐹(𝑡)},                                         (3) 

 

where: [M], [C], and [K] represent mass, damping, and stiffness matrices; {Z} is the displacement 
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vector; {F(t)} is the dynamic force vector. We have the number of lines and columns of the matrices 
equal to the number of degrees of freedom of the studied model.  
Thus, taking into account by the Eq. (3), the dynamics of frame-cab systems and properties of the 
isolation system interpose between them can be surveyed and evaluated, from ride comfort of point 
of view, using the half-machine dynamic model or the complex 3-D nonlinear dynamic models. In 
this way, by detailing the component elements of the model with a significant influence on the comfort 
of the operator, results will be obtained with high accuracy and the model can be more easily verified 
and validated. 

6. Conclusions  

The isolation solution chosen to ensure ride comfort of operator in the case of vibratory compactors 
(when the frequencies and amplitudes are varied in different ranges of interest in function by the 
working conditions of the machine) are based on the next aspects: 

 the establishment of technical solutions with the increased efficiency of reducing the harmful 
effects generated by the cumulative action of vibrations (generated by the working condition 
and/or the motion on uneven terrain); 

 using of the modular anti-vibration devices, which offer to possibility of adjusting the isolation 
parameters in accordance with the effective values of the vibration parameters for each cabin 
type of the compactor equipment (using various method for vibration control, as Fuzzy or 
PID-Fuzzy control); 

 system analysis (as lumped mass-stiffness model) and mathematical modelling of the motion 
equations (in function by the number of degrees of freedom of the proposed model); 

 data processing for highlighting of the performances obtained compared to other systems 
used; 

 the selection criteria of the isolation mounts: load capacity, stiffness, constructive type;   
 the objective functions proposed to be achieved: RMS and PSD of the signal of the 

acceleration response on the vertical motion of the driver’s seat and pitching cab angle;  
 parameters adopted in the dynamic behaviour of the analysed model: mass, spring stiffness 

and damping coefficient;  
 the parameter that requires to be controlled: natural frequency in order to avoid resonance 

vibration at roller’s cab for low frequency (results obtained by the modal analysis of the 
system parameters); 

 experimental verification and validation of the proposed isolation device. 
All the aspects presented in this paper provide an overview of the design and work principle of the 
vibration isolation systems for vibratory compactors.  
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Abstract: The paper presents the current status regarding the use of high pressures in the field of hydraulic 
drives as well as the possibility of adapting existing drive solutions in order to obtain these pressures at low 
costs. The trend of increasing the level of pressure used is complemented by the expansion of branches that 
use high operating pressures, which leads to beneficial results regarding the reduction of dimensions and 
weight of elements and systems, better manoeuvrability and reduction of manufacturing costs, a fact also 
complemented by the latest research in the field of materials and manufacturing technologies, it being known 
that some materials and technologies, currently used in the manufacture of medium pressure equipment, do 
not provide the desired performance, especially durability and reliability, in the field of high pressures. The 
technical solutions that can generate pressures of up to 1000 bar are identified, whose main advantages are 
satisfying the requirements of force, speed, manoeuvrability, precision, etc. as well as the automation of the 
work process: equipping the hydraulic systems with high-pressure radial pumps with all the related 
equipment and pipes, and the second solution is the creation of standard pumping units to which a pressure 
amplifier - miniBOOSTER - chosen according to the application is attached. 

Keywords: High pressure, hydraulics, applications  

1. Introduction  

In today's hydraulic systems, the term "high pressure" is increasingly used when referring to values 
greater than 450 bar. The use of these pressure values is required by mechanical applications that 
need to make precise and fast movements in tight spaces or generate high forces for 
handling/moving large and very heavy weights. The delimitation of values for medium pressures 
and high pressures is not clearly established globally, but it is accepted that operation at pressures 
above 315 and 350 bar respectively (depending on the established program) can be considered as 
operation at high pressures. If the lower limit of the high-pressure range is relatively established, 
the upper limit is more difficult to define; it starts at 500 bar and can go up to 1000...1200 bar. 
Beyond these values is considered the zone of ultra-high working pressures. Most companies 
producing hydraulic equipment produce both in the medium pressure range and in the high-
pressure range; however, there are also companies specialized only in the production of high 
pressure equipment 

2. Trends in the field of working pressures of hydraulic equipment 

Currently, the development of hydraulic equipment is manifested in multiple directions, such as: 
increasing working pressures (concentration in time), ensuring multiple functions for a certain 
element-module construction (functional concentration), increasing energy indicators (power 
concentration), increasing reliability and durability. The use of equipment with high working 
pressures is found in various fields, exploiting their advantages and looking for solutions to 
minimize/reduce the disadvantages. Specialized companies focus their production on pressure 
levels in both the medium and high-pressure range. However, there are also companies 
specialized only in the production of high-pressure equipment. The most representative are: 
- the HAWE company - produces hydraulic equipment with a maximum working pressure of 700 
bar; 
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Fig. 1. Modern hydraulics working pressures evolution  
 
- the company ATOS (Italy) - produces hydraulic equipment in the medium pressure range up to 
350 bar and equipment with a maximum working pressure of 500 bar; 
- the BIERI company (Switzerland) - belonging to HYDAC, specializes in high pressure hydraulic 
equipment (up to 700 – 1000 bar); 
- the BOSCH – REXROTH company, one of the world leaders in the production of hydraulic 
equipment, produces in the medium pressure range (350 – 420 bar) or with a maximum pressure 
of 630 bar; 
- the HYDAC company (Germany) produces medium pressure (320 bar) and high pressure (630 
bar) equipment. 
Limit values in the range of high pressure products 700-1000 bar and above this value are found at 
companies specialized in hydraulics for constructions, interventions in various situations, where the 
equipment works at pressures from 700 bar to 2500 bar and even more ( LUKAS, ENERPAC, 
NIKE Hydraulics, etc.). In the current global context, regarding the protection of the environment by 
reducing emissions and optimizing energy consumption, the use of hydrostatic transmissions in the 
actuation of mobile machinery is of real benefit, as it is possible to conserve dynamic energy and 
reduce emissions, thanks to the possibilities of making the drives more efficient. 
Ever since the widespread use of hydraulic drives, the values of working pressures have seen a 
continuous increase, the evolution shown in figure 1. The trend of increasing working pressures is 
also present in other fields, such as aviation, military and civil. 
In the studies developed by various companies producing hydraulic equipment such as VICKERS, 
BOSCH - REXROTH, etc., working pressures of 500 and even 700 bar are indicated for the next 
years, and the current technical means allow pressure values of 1000...2000 bar to be achieved 
without difficulty; the problem that arises, however, is to ensure, simultaneously with the increase 
of the working pressure, the durability of the hydraulic equipment. Another consequence of 
increasing the working pressure in a system is the need to use working fluids with superior 
characteristics. 

3. Equipment for generating high pressures 

Obtaining high working pressures can be ensured by two types of pumping groups: a) pumping 
groups containing volumetric pumps and high-pressure hydraulic equipment; they directly feed 
linear or rotary volumetric hydraulic motors. These are used in dynamic applications, where the 
linear or rotary movement of large loads with uniform speeds is required. In static applications, they 
show reduced energy properties, and are not recommended. 
b) pumping groups containing volumetric pumps and low-pressure hydraulic equipment; they feed 
the pressurized closed volumes or volumetric hydraulic motors by means of pressure amplifiers, 
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which are placed between the pumping group and the hydraulic consumers. This category is 
energy efficient in power-dissipating applications, but has disadvantages in high-load dynamic 
applications 

3.1. High pressure hydraulic pumps 

Hydraulic pumps do not generate pressure in a system, but have the role of supporting pressure 
requests through the assured flow. The main types of pumps used, are shown in figure 2. 
 

 

Fig. 2. Types of hydrodynamic and hydrostatic pumps  

 
High-pressure pumps belong to the category of hydraulic generators, which, through a systematic 
dosing of the amount of fluid, achieve very high pressures. By the generated pressure level, from a 
constructive point of view the pumps can be (table 1): 
 
 

   Table 1: Pump types 

No. Constructive type of the pump 
Working 
pressure 

1. Axial piston pumps up to 350 bar 

2. In-line piston pumps up to 1000 bar 

3. Radial piston pumps up to 1500 bar 

4. Manual pumps up to 2500 bar 

5. Piston pressure intensifiers up to 5000 bar 

 

3.2. Constructive examples of pumps 

a) High-pressure radial piston pumps manufactured by Bosch – Rexroth, figure 3, ensure good 
sealing due to the spherical seating surface. They are pumps with a simple construction, they have 
a very good suction, but they ensure a lower volumetric efficiency when the working pressure is 
very high, a fact that determined the limitation of operation to a maximum pressure of 630 bar. 
 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2022 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 9-10, Băile Govora, Romania 

 

 
175 

 

 

Fig. 3. Bosch – Rexroth radial piston pump [1] 

 
b) Hydraulic pump controlled by air under pressure LP, figure 4. 
This type of pump, not being powered by electricity, is recommended for working in environments 
with a risk of explosion, being able to be used up to pressures of 1500 bar. The operating principle 
is that of a pneumatic-hydraulic pressure booster. 
 

 

Fig. 4. Air driven pump under pressure, LP [2] 

 
c) KKP combined pump 
Combined pumps type KKP, figure 5, are radial pumps, with low weight and high compactness, 
with two stages (HP / LP) with tubular shaft, which allows obtaining a reduced dimension with the 
motor mounted directly on the pump. 
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Fig. 5. KKP combined pump [3] 

 
d) High pressure pump made by IHP Bucharest 
It is a technical solution that brings together two pumps and contains the operating mode switching 
device attached to the outside of the pump, figure 6. It has six radial pistons, three large and three 
small, placed alternatively in the same plane, which realize the operation of both pumps. 
 

 

Fig. 6. High-pressure pump made by IHP Bucharest  

 
 
e) LUKAS manual pumps 
These are pumps that use muscle power as an energy source and have low flow rates, figure 7. 
These can be operated in two steps, including a valve that allows the automatic change of the 
working regime, from low pressure to high pressure. The HKP series pumps can reach a pressure 
of 2500 bar, have a single pressure stage, and are used for assembly/disassembly operations, test 
work, etc. 
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Fig. 7. LUKAS manual pumps for pressures up to 1000 ... 2500 bar [4] 

4. Hydraulic pressure amplifiers 

During the performance of a work cycle of a hydraulically operated installation or machine, there 
are certain work phases in which the powered volume motors, hydraulic cylinders or rotary 
hydraulic motors, are required to develop large, static or dynamic forces and moments, which 
requires their power supply at high pressures (over 450 bar). These pressures can be generated 
by two types of pumping groups: 

a. pumping groups containing high-pressure (HP) volumetric pumps and high-pressure hydraulic 
equipment; they directly feed linear or rotary volumetric hydraulic motors. They are more expensive 
equipment due to the high price of pumps and command and control components. They are used 
in dynamic applications, where linear or rotary movement of large loads at uniform speeds is 
required. 

b. pumping groups that contain volumetric pumps (LP) and low-pressure hydraulic equipment 
and feed the volumetric hydraulic motors by means of pressure amplifiers, which are placed 
between the pumping group and the hydraulic consumers with the role of raising the pressure to 
the value imposed by the demand at the level of the hydraulic motor. These pumping groups make 
energy-dissipating applications energy efficient, with the disadvantage of low and pulsating flows 
for dynamic applications. 
The operation of fixed or mobile installations driven by hydraulic systems has phases of the work 
cycle which, in order to be achieved, require pressure increases of up to 1000 ... 2000 bar under 
low flow conditions. Classic solutions require the use of high-pressure radial pumps, which leads to 
high costs, so to avoid these costs, pressure amplifiers, also known as pressure intensifiers, 
boosters, miniboosters, were made. 
The hydraulic pressure booster is a device used to increase the pressure intensity of any hydraulic 
fluid or water, with the help of the hydraulic energy available due to high values of the flow of water 
or hydraulic oil at low pressure. These devices are very important in the case of hydraulic 
machines, the best example being hydraulic presses, which require in their operation fluid at high 
pressure (HP) that the pumping group cannot provide directly; with their help, the existing pressure 
level is increased with minimal effort, resulting in minimal costs and maximum effect regarding the 
action of the hydraulic installation in achieving the work cycle. The basis of the operation of 
hydraulic pressure amplifiers is the simple principle of Pascal's law and the difference in area 
between the two pistons; even though the oil only acts at 15,000 psi, the area it presses on is huge 
compared to the small piston, and so a pressure of 150,000 psi appears. This increase is achieved 
with a ratio of the areas of the two pistons of 10:1. The material from which they are made is an 
alloy steel, heat treated to withstand high pressures and to preserve the surface quality and 
technological tolerances for as long as possible. 

4.1. Pressure intensifier circuits – constructive types 

Pressure intensifiers are circuits that generate high pressure from a low-pressure source. Pressure 
boosters can work with any type of fluid used in standard hydraulic installations. Among the most 
important benefits can be mentioned the low cost price, reduced space required for installation and 
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last but not least the energy saving of the system. 
In figure 8, the schematics of some hydraulic air-oil pressure intensifiers are presented, which work 
on the principle of hydraulic cylinders, in which the cylinder operated by air has a larger diameter 
compared to the cylinder operating with hydraulic oil. The ratio between the two areas represents 
the pressure multiplication ratio, the volume of liquid expelled depending on the length of the 
cylinder stroke. 
 

 
a)  

b) 
 

c) 
Fig. 8. Hydraulic air-oil pressure intensifiers - constructive types [5] 

 
Pressure booster circuits, can also be made from cylinders of standard construction, being a way 
of obtaining the high pressure required for a defined action that requires a large force to be 
performed. The assembly of the circuit is done directly on the structure of the machine, hydraulic 
cylinders being able to perform the advance stroke both at high pressure, figure 9, and at low 
pressure. 
 

 

Fig. 9. Pressure amplifier circuit with standard cylinders: A – amplifier assembly; B – hydraulic air-oil 
reservoir; C – pilot valve; D- pneumatic distributor; E – electric distributor; F – working cylinder [5] 

 
4.2. Oscillating hydraulic pressure intensifier - miniBOOSTER 

 
In general, hydraulic pressure boosters are used to provide high pressure in applications where 
hydraulic cylinders must develop high-imposed forces. These types of amplifiers have optimal 
applicability in machinery and equipment used in construction, etc. 
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OHPI – oscillating hydraulic pressure intensifier mounted on a mobile crusher – ensures a high 
force with a small cylinder on the mobile wall of the crusher, figure 10.a. In figure 10.b., the 
pressure amplifier set used to increase the performance of the trailer pick-up system. The solution 
can be used for loading system with a capacity between 15 and 30 tons. 
 

 
a) 

 
 

b) 

Fig. 10. Examples of the use of pressure amplifiers [6] 

 
For demolition machines with cutting and/or crushing materials equipment, during work due to the 
random variation of the resistance of the demolished elements, a high-pressure demand may 
occur at the engine level. The requirement is ensured by mounting a miniBOOSTER, figure 11.a, 
which ensures high speed and force, so minimum power consumption can be maintained. In figure 
11.b, the pressure amplifier is mounted on an excavator, the aim being to optimize the drive 
systems to reach characteristics close to the maximum limit. 
 

 
a) 

 
 

b) 

Fig. 11. Pressure intensifiers mounted on construction machinery [6] 
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The miniBOOSTER pressure boosters also called HC, increase the low inlet pressure (ranging 
from 20 bar to 200 bar) to a high outlet pressure value (up to 800 bar / 2,000 bar). Adjusting the 
outlet pressure is done by adjusting the inlet pressure, being directly proportional. These boosters 
initially provide the consumer with low pressure at a high flow rate (for example, to quickly move a 
cylinder), then there is an automatic switching of operation in high-pressure pulses. Therefore, they 
allow both high flow rates at low pressures and low flow rates at high pressures, in figure 12 the 
hydraulic diagram of such a miniBOOSTER is being presented. 
 

 

Fig. 12. Hydraulic diagram of a miniBOOSTER type HC1 [7] 

 
This type of construction is used to amplify the pressure of low-pressure pumping groups that 
supply hydraulic cylinders with single or double action that move heavy loads linearly at the end of 
the advance stroke or achieve and maintain high pressure in a closed enclosure. 

5. Conclusions  

The general trend is to increase the level of pressure used and to expand the branches that use 
high operating pressures, with beneficial consequences in terms of reducing the size and weight of 
elements and systems, better manoeuvrability and reducing manufacturing prices. The latest 
research in the field of manufacturing materials and technologies contributes to this, as it is known 
that some materials and technologies, currently used in the manufacture of medium pressure 
equipment, do not provide the desired performance, especially durability and reliability, in the field 
of high pressures. The field of high pressures is increasingly attractive for various applications of 
mobile or fixed hydraulic drive systems. 
The requirements of the internal market, but especially external, for equipment and systems to 
generate high pressures in hydraulic circuits (1000 bar) are still at a high level, because the 
production of fixed or mobile hydraulic installations that satisfy the conditions of force, speed, 
manoeuvrability, precision in movements, high reliability, automation of the work process, impose 
from the start of their design, the condition of their operation at high pressure, this being the main 
technical parameter that would lead to the realization of the parameters imposed by the 
beneficiary. The use of high-pressure generation systems with a low-pressure pump associated 
with a pressure amplifier as the power source ensures a low cost of the installation, its safety 
conditions and high reliability.  
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Abstract: The global energy crisis initiated significant changes on the market of capital goods, in particular 
on the market of machinery and equipment. The article presents the machine industry and fluid power 
market and its main shareholders. Increases (decreases) in the production and sales of machinery and 
equipment were analysed in relation to important macroeconomic indicators such as: GDP (GNP), industrial 
production and unemployment. Based on the latest data obtained on the basis of CETOP, VDMA, OECD 
publications and data from selected countries, the situation in various branches of the machine industry in 
the World, Europe and Poland, in particular in the area of fluid power, was presented.  

Keywords: Fluid power market, energetic crisis, conditions of fluid power companies, forecast of the future.  

1. The global engineering industry in times of the energy crisis 

The COVID-19 pandemic and the ongoing war in Ukraine have caused a global energy, financial 
and related economic crisis. This situation affects the markets for industrial (investment) goods and 
services, and in particular the markets for machinery and equipment (Fig. 1 and 2). 
 

 

Fig. 1. World: industrial production and Purchasing Managers’ Index manufacturing (PMI) [1] 
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Fig. 2. Purchasing Managers’ Index in manufacturing [1] 

 

The situation faced by European countries during the COVID-19 pandemic, in particular the 
inability to manufacture the simplest products such as masks, significant increases of labour costs 
(in particular in China and other Asian countries) and political conditions - resulted in decisions of 
entrepreneurs to move production back to Europe. These decisions are in most cases supported 
by the governments of individual European countries, e.g. for strategic reasons - especially after 
the negative experiences related to the war in Ukraine and the related perturbations on the energy 
and food markets. 
 

 

Fig. 3. Top machinery locations: current turnover development [1] 

 
The above graphic shows the economic position of Poland at the moment. The largest increases in 
locating the transferred production are recorded in Poland (increase by 27%). This is undoubtedly 
influenced by: the competitiveness of the economy (low taxes), well-qualified staff at all levels and 
the growing geopolitical position in Europe (the Three Seas Initiative) and the world (an 
increasingly larger and more important US ally in Europe). 
One of the factors having the greatest impact on the situation on the machinery and equipment 
market is the energy crisis - gradually intensified by Russia for over a year. As can be seen from 
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the graphs in Fig. 4, as many as 70% of respondents have problems related to increases in energy 
prices. 
 

 

Fig. 4. Problems in obtaining fixed- price contracts for own company’s energy supply [1] 

 
The effect of the increase in energy and raw material prices is shown in Fig. 5. It shows that as 
many as 82% of respondents see the related problems as critical. 
 

 

Fig. 5. Effects of rising prices for Energy and row materials on companies [1] 

 
Some companies are trying to reduce their energy bills. Even 85% of respondents from enterprises 
implement energy saving, 35% intend to use other sources than those used so far, 32% change 
the way energy is ordered and 16% ban very energy-intensive production (e.g. artificial fertilisers). 
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Fig. 6. Evasive actions regarding energy supply [1] 

 
The survey on Expected nominal turnover development 2022 and 2023 (prior-year comparison) is 
presented in Fig. 7. As you can see, most of the respondents assume an increase in production 
orders. 

 

Fig. 7. Expected nominal turnover development 2022 and 2023 (prior-year comparison) [1] 

 
Similarly happens, in the area of investment plans, Fig. 8. 
 

 

Fig. 8. Investment plans in 2023 (prior-year comparison) [1] 
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However, the situation on the global market next year is not so optimistic. Outside of China, the 
outlook for next year is worrying (Figure 9). Recession is forecast in the USA, Japan, the EU zone, 
Germany and Italy. 
 

 

Fig. 9. Machinery turnover forecast for 2023 (selected countries by scenarios) [1] 

 
Inflation is another factor that has a very large impact on the situation on the machinery and 
equipment market. In the countries of the European Union, the average inflation is currently at the 
level of 10.7% (Fig. 10). 
 

 

Fig. 10. Inflation in European zone [3] 

2. Situation in the area of fluid power in selected European countries. 

The situation in the broadly understood area of fluid power in selected countries associated in 
CETOP is extremely interesting. 
In Belgium, sales growth in the hydraulics area was 13.51% through August. In September, -6% 
was recorded, the forecast for next year is -5%. In pneumatics, 1.38%, -0.8%, 0.5% and -5%, 
respectively (Tab. 1). 
 

Table 1: Situation in fluid power in Belgium [1] 

Hydraulics national home sales  
• January to August 2022/2021   + 13.51 %  
• Trend for September     – 6 %  
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• Forecast for the year 2022    + 3.5 %  
• Outlook for the year 2023    – 5 %  
Pneumatics national home sales  
• January to August 2022/2021     + 1.38 %  
• Trend for September     – 0.8 %  
• Forecast for the year 2022    + 0.5 %  
• Outlook for the year 2023    – 5 % 
 

In the Czech Republic, the current situation as well as predictions for the next year in hydraulics 
and pneumatics are more promising. The good condition of industry in the Czech Republic is 
related to the unemployment rate. Currently, it is the lowest among the countries associated in the 
EU (Poland is ranked second in this ranking). 
 

Table 2: Situation in fluid power in the Czech Republic [1] 

Hydraulic Industry  
• National Home sales    152.500 T EUR  
• Recorder trend Jan/Aug. 2022  + 13%  
• Trend for September 2022   + 9% (Mobile +10%, Industrial +8%)  
• Forecast 2022     + 6%  
• Outlook 2023     + 4%  
 

Pneumatic Industry  
• National Home sales     66.500 T EUR  
• Recorder trend Jan/Aug.2022  + 9%  
• Trend for September 2022   + 7%  
• Forecast 2022     + 5%  
• Outlook 2023     + 3% 
 

In France, the situation in fluid power is also positive (fig. 11, fig. 12) - however, the Czech and 
French markets are significantly different in terms of market size. Last year, the French market 
rebuilt to the value of production revenues from 2017. 
 

Hydraulics 
2021/2020:                     + 17%  
January-August 2022:     +9%  
September Trend:     Good  
2022:                              +9%  
2023:                                         +5%   (Mobile + 6%, Industrial + 3%) 

 

Fig. 11. French market in hydraulics from 2013 to 2021 [1] 
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Pneumatics  
National Home Sales:    312 560 K€  
2021/2020:       +14%  
January-August 22/21:     +7%  
September Trend:      Good  
2022:       + 8%  
2023:       +4% 
 

 

Fig. 11. French market in pneumatics from 2006 to 2021 [1] 

 
Germany is the largest European producer in the field of hydraulics and pneumatics. 
The CETOP Association in Germany - brings together 232 member companies. The history of 
sales and orders in the fluid power industry in Germany is shown in Figures 13, 14. 
 
General data about fluid power in Germany: 
‒ Turnover:     8.5 Billion Euro  
» Hydraulics:     5.6 Billion Euro  
» Pneumatics:    2.9 Billion Euro 
‒ Export ratio:     61% 
‒ Sealings‒Turnover:   1.3 Billion Euro 
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Fig. 12. German sales and orders in hydraulics from 2002 to 2022 [1] 

 

 

Fig. 13. German sales and orders in pneumatics from 2002 to 2022 [1] 

 
The situation in fluid power in Italy is as follows (table 3, fig. 15). 
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Fig. 14. Italian turnover and orders in fluid power (January –June 2022/ January –June 2021) [1] 

 
                                                                                                         Table 3: Italian fluid power market 

 
 

3. Polish machinery industry 

The Polish machinery industry - less than other industries in Poland (e.g. construction) - felt the 
energy crisis, very high inflation (17.8%) and the effects of restrictions caused by the COVID-19 
pandemic. This applies in particular to products constituting investment (industrial) goods. Figure 
16 shows Poland's gross domestic product (GDP). Figure 17 shows the rate of inflation. 
 

 

Fig. 16. Indices of gross domestic product (GDP) in current prices (5.8%) [2] 
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Fig. 15. Inflation in Poland (17.8%) y/y [2] 
 

The domestic machinery industry consists of 50-60 large companies producing a wide range of 
machinery and equipment, ranging from engines of various power, including marine, cranes, 
agricultural machinery (tractors, combine harvesters and others) to many types of machine tools 
(including CNC) and machines and equipment for the mining, chemical, food, textile, paper, etc. 
industries. The PMI for Poland is shown in Fig. 18. 

 

Fig. 16. Purchasing Managers' Index for Poland (42) [2] 

 
Analyzing the unemployment rate (Fig. 19), it can be said that despite the very high inflation and 
the turmoil caused by the pandemic and the war in Ukraine, the labor market in Poland is still 
looking for employees. 
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Fig. 17. Unemployment rate for Poland (4.8%) [2] 
 

Industrial production, despite of many turbulences and macro and microeconomic problems, as 
well as preparations of European countries "for worse times", still fluctuates around 10%, which is 
a very good result (Fig. 20). 
 

 

Fig. 18. Industrial production in Poland (9.80%) y/y [2] 

 

4. Conclusions 

The moods in the global, European and Polish machinery industry, where the indicators of the 
general economic climate were below the levels of the deep economic downturn in 2012-2013, do 
not look too good. A similar situation applies to construction and wholesale trade. Slightly better – 
but also below the line – indicators for the transport, catering and hotel industries. Only IT and 
communication, as well as the financial and insurance sectors, were on the plus side. 
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All these indicators suggest a hard autumn and a difficult winter 2022 for the Polish economy, but 
also for the European and global ones. So far, the downturn is not yet visible on the labour market, 
but it will probably change in the coming months and quarters. So before it gets better, it will clearly 
get worse. Currently, macroeconomic forecasts assume that the bottom of the business cycle will 
fall at the turn of the year (2022). However, it is not certain whether this will happen ... 
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Abstract: This paper presents a dynamic simulation model of an intelligent wood splitter. The numerical 
simulation was performed using the Simcenter AMESim simulation environment. Libraries of mechanical, 
hydraulic and control signal components were used; the time variation of cylinder rod displacement, cylinder 
rod speed rate, piston force and power used by the whole equipment were determined. The hydraulic fluid 
model used in numerical simulation is ISO VG46 oil. 

Keywords: Wood splitting, hydraulic cylinder, hydraulic drive, intelligent hydraulic drive 

1. Introduction 

With more than 3.5 million households using stoves and chimneys in the cold season, wood is one 
of the main sources of home heating in Romania. In rural areas, about 85% of households use wood 
for heating. [1] 
Considering that the need for heating houses starts in October and ends in April, so for 6 months, 
the consumption of wood for heating homes is very high. With a very large quantity of wood, it is 
necessary to make the process of supplying wood to households more productive, splitting logs into 
smaller sizes and splitting them for storage to burn them for heating living spaces. Mainly, in the rural 
areas of Romania, the cutting of the timber is done with a hand saw and splitting logs is done using 
an axe. The intelligent mechanization of household activities, including the splitting of firewood, leads 
to an easier life for Romanian household residents [2]. 
Splitting consists of driving a wedge into the wood, in the direction of the fibers. The wedge is inserted 
in the wood and causes it to split. With the increase of the contact surfaces between the wedge and 
the wood, elastic deformation of the log fibers occurs, followed by the breaking of the connections 
between them, the parts resulting from the splitting separating from each other [3,4]. 
The hydraulic cylinder serves to convert the energy of the hydraulic fluid into useful mechanical work. 
The flow rate generated by the hydraulic pump produces a linear displacement of the piston rod, 
inside the cylinder bore, with the load on the opposite side of the force imposed by the pressure of 
the fluid medium [5]. Thus, hydraulic energy is transformed into a controllable force acting in a 
straight line [6, 7]. 
Splitters are classified according to several criteria: their mobility, type of construction and the way 
the wood drive mechanism moves, or the position of the wood during the splitting process. In terms 
of mobility, splitters can be fixed or mobile. In terms of the design of the drive mechanism, the splitter 
may have a conveyor chain, a crank mechanism or hydraulic cylinders. In terms of the movement of 
the drive mechanism, the splitter may perform a rotating motion or a continuous movement. 
Depending on the type of splitting element, the splitter may be a wedge or a helical cone, the most 
commonly used being wedge-shaped splitters. In terms of the position of the wood to be split, 
splitters can be horizontal or vertical [3]. 
This paper presents, for the process of splitting wood mass, the optimization and development of a 
fixed horizontal hydraulic system, which performs an alternative rectilinear movement of the cylinder 
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wedge. To be energy efficient, the system uses a low-power electric motor to drive the hydraulic 
pump and it is possible to achieve high pressure in the hydraulic cylinder, thus generating the force 
needed for splitting a log.  

2. Material and method 

The physical system developed so far is shown in Fig.1, and consists of the metal structure of the 
system, the hydraulic cylinder, the wedge for splitting the wood mass and 4 elements for supporting 
the wood mass, another role of which is to position the center of the log at the same level as the tip 
of the wedge; thus splitting is done correctly; and in the future, the system will be fully functional. 
 

 

Fig. 1. The hydraulic splitting system  
1 - System’s metal structure, 2 - Hydraulic cylinder, 3 - Splitting tool (Wedge); 4 - Splitting object (wooden 
mass, log), 5 - Supporting and positioning elements. 

 
The support on which the log will be positioned to be split will be equipped with two contacts and a 
spring that indicates the presence of the log in the space intended for its splitting. When the spring 
is compressed, a contact will send a signal to the hydraulic distributor, indicating the presence of the 
log.  
We have taken some safety measures against possible accidents, namely the introduction of working 
parameters for the weight of the log. If its weight is in the range of 20-60 kg, the hydraulic cylinder 
will be activated and the splitting will be performed. If the weight of the log is outside this range, then 
the control system will not operate the hydraulic directional control valve, and consequently the 
hydraulic cylinder. This range represents the minimum and maximum weight of the wood mass. The 
maximum weight of the log was calculated according to its density and volume, and the result is that 
its maximum weight is 60 kg, because anything over this weight can represent the weight of the 
handler or other objects that happen to be in the space intended for splitting and could result in 
injuries or process related accidents. The minimum weight of 20 kg is set because after the entire 
splitting cycle, fragments of the split wood may remain, and the idle operation of the hydraulic cylinder 
represents a higher energy consumption. Also, for reduced energy consumption, two contacts will 
be placed at the end of the stroke of the cylinder rod. The purpose of those contacts is to send 
command signal to the directional control valve when the cylinder rod has reached 1%, respectively 
90% of its maximum stroke.  
The system was designed based on the data obtained by the simulation network, being evaluated 
and optimized virtually first. This was done in the integrated multidisciplinary technical systems 
simulation platform, namely the AMESim software, through which we combined elements of 
mechanics, electronics and hydraulics. The result is shown in Fig. 2.  
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Fig. 2. Numerical simulation network of the hydraulic system for wood splitting 
 

The hydraulic sub-system consists of a hydraulic gear pump with a fixed flow rate of 22 cc/rev. 
Between the hydrostatic pump and the electric motor there is a power sensor which is used to 
measure the power consumed by the system. The pressure relief valve, which acts as a safety relief 
valve, together with the filter are other hydraulic components of the equipment. The nominal diameter 
of the hydraulic directional control valve chosen is 16 mm. The hydraulic cylinder chosen has a 
diameter of 100 mm, the cylinder rod is 55 mm in diameter and the maximum stroke is 500 mm. 
Between the two there are two contacts, mounted at both ends of the cylinder rod, which limit the 
displacement of the cylinder rod, but also send a feedback signal to the directional valve to retract 
when the rod reaches its minimum or maximum stroke.  
The electronic sub-system consists of an electric motor with a speed of 1500 rpm, a control block 
made of electrical signals, logic operators and signal amplifiers in the numerical simulation. 
Physically, this mechanism is composed of a spring and two contacts. It operates according to a 
simple logic. If the mass of the wood is in the required range, a signal will be sent to the hydraulic 
directional valve, the hydraulic cylinder will be actuated, and the wood will be split. If the mass of the 
wood does not fall within this range, then the directional valve remains in the preferred position, so 
the system will not act in any way. This can also be seen in Fig. 3, which represents the logic behind 
the whole process. 
 

 

Fig. 3. The ladder diagram of the intelligent command system 

Electrical/electronic/
signal components 

Hydraulic 
components 

Mechanical 
components 
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3. Results of virtual experimentation 

Based on the AMESim simulation network from the previous chapter, the results presented below 
were obtained: 
 

 

Fig. 4. Time variation in log mass during the splitting process 
 

As one can see in figure 4, after the log is positioned in the splitting space and is included within the 
weight range - in the figure the weight is 55 kg – one can see how the mass of the log reaches 10 
kg after 6 seconds as the wood chipping falls off the support due to the splitting process, the log 
separating into smaller fragments. It is also observed that the duration of one cycle is 10 s, the 
splitting time is 6 s and the withdrawal of the cylinder rod takes 4 s. 
 

 

Fig. 5. Time variation in the hydraulic directional valve control signal 
 

As one can see in Fig. 5, the hydraulic directional valve receives a command signal and starts to 
operate the system for splitting wood. In this graph, the control signal during 6 s, namely during the 
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splitting process, is 500 mA. When the rod retracts, the control signal reaches zero, after which the 
cycle starts again. 
 

 

Fig. 6. Time variation in hydraulic cylinder rod displacement 
 

Figure 6 shows the variation over time of the hydraulic cylinder rod displacement, and as one can 
see, the advance of the cylinder rod into the wood mass to be split is a slower one because the 
resistance of the log fibers is high. At the same time, the contact located at the end of stroke of the 
cylinder rod does not make it possible to move it to the end, and in this way, the energy consumed 
by the whole system is less. Cylinder rod retraction is faster because there are no relevant pressure 
drops in the system.  
 

 

Fig. 7. Time variation in hydraulic piston speed rate 
 

As one can see in the graph in Figure 7, the speed of the hydraulic piston when splitting is constant. 
It can be noticed that the speed rates achieved by the hydraulic piston are the usual kind, smaller 
than 0.5 m/s. 
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Fig. 8. Time variation in piston force  
 

Figure 8 shows that at the moment of splitting, namely when the tip of the wedge is tangent to the 
wood mass, the force of the hydraulic piston is maximum, because the fibers resisting the splitting 
are resistant. When the splitting is complete, the force of the piston gradually decreases to 0 as the 
log is split; after 6 seconds it’s split completely; the piston starts retracting and is waiting to receive 
a signal from the electronic control block, after which, if another log to be split is within the 
parameters, the cycle resumes. 
 

 

Fig. 9. Time variation in system pressure 
 

Figure 9 shows the variation in system pressure over time. When there is no wood for splitting in the 
splitting proximity, the system pressure is 0. When the log is positioned and is to be split, the system 
pressure decreases throughout the splitting process, and when the hydraulic piston is no longer 
compressed, the system pressure gradually decreases. 
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Fig. 10. Time variation in hydraulic cylinder flow rate  
 

As one can see in the graph in Figure 10, the hydraulic cylinder flow rate remains constant during 
the splitting process because the whole system is optimized to operate under the correct conditions. 
When there is no more wood mass for splitting, the oil flow rate is redirected to the tank, which is 
necessary to retract the cylinder rod to its initial position, after which the cycle is resumed. 

 

Fig. 11. Time variation in the pressure drop on the hydraulic system filter 
 

As one can see in the graph above, the pressure drop on the system is quite small and there are no 
significant losses in the system that would prevent the whole system from functioning properly. 
The graph in Figure 11 shows that at the moment of splitting, the whole system needs a lot of power 
to operate the cylinder rod. The higher the resisting forces, the higher power transmitted by the 
hydraulic pump is needed for the splitting process to take place properly. 
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Fig. 11. Time variation in the power used by the hydraulic pump  

4. Conclusions 

 One of the most important results of this paper is the analysis and development of a system 
that mainly increases productivity due to the automation of a simple process, which previously 
required intensive labor, done in most households. More splits can be achieved with this intelligent 
hydraulic system in less time than with mechanical devices.  
 The system was designed to offer the performance required for the process of wood splitting, 
without fancy components; the simple hardware used results in a lower purchase price if the system 
was placed on the market. In addition, energy consumption is kept as low as possible resulting in 
high reliability that is needed for household uses, the main targeted purchaser being country people 
from rural areas, where income is low. 
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Abstract: This paper presents the rheological properties for two hydraulic fluids: a hydraulic fluid based on 
mineral oils (H46) and a biodegradable hydraulic oil based on vegetable oils (HETG46). From a rheological 
point of view, the models used for these tests were the Newtonian model and the power law model, and from 
a thermal point of view, the model used is the Reynolds model. 
The tests were carried out with the help of the BROOKFIELD CAP 2000+ stand and the interpretation of the 
results was done with the help of the CAPCALC32 calculation program. 
Following the experimental results, we can conclude that the biodegradable hydraulic fluid HETG46 has the 
same rheological behavior as the mineral fluid H46, but a viscosity reduced by approx. 20% For both fluids, 
the thermal Reynolds model of viscosity variation with temperature is found to approximate the experimental 
values with the same accuracy, leading to correlation coefficients greater than 96%. 

Keywords: rheology, hydraulic fluids, Newtonian model, power law model, viscosity 

1. Introduction

Lubricants are usually petroleum-based products and are considered to be a source of new carbon 
dioxide through their extraction, production and post-use in components and equipment. With 
global demand for lubricants expected to continue growing at an estimated annual rate of 2.6% 
through 2015, the importance of reducing environmental impact becomes apparent [1].  

2. Hydraulic lubricants

Hydraulic lubricants play a critical role in the operation and performance of hydraulic systems [2]–
[4]. In addition to viscosity and oxidative and thermal stability, hydraulic lubricants must protect 
pumps from wear and enable uninterrupted operation of actuators and valves. In addition, 
hydraulic oils must perform adequately at high temperatures and pressures; perform to tight 
tolerances, especially in advanced hydraulic systems; be compatible with a variety of metals and 
elastomers; protect different types of pumps from wear (piston, gear, vane, etc.); and operates in 
the presence of moisture that may contaminate the system. In certain operations, hydraulic oils 
must also be fire resistant [1].  
Standard specifications for hydraulic fluids and components serve an important function in the fluid 
industry. Fluid standards validate the safety, durability, compatibility, cleanliness and functionality 
of hydraulic fluids [5]. The primary purpose of a hydraulic fluid is power transfer. The concept of 
fluid power is based on a principle articulated by Blaise Pascal, which is given as follows: "The 
pressure applied to an enclosed fluid is transmitted undiminished to every portion of that fluid and 
to the walls of the containing vessel" [6]. In the context of fluid power, pressure is related to the 
force acting on an enclosed fluid. This principle gave birth to the modern hydraulic system, which 
involves highly engineered systems for efficiently controlling fluid flow to transfer energy and 
accomplish work [5]. 
The heart of any hydraulic system is the pump, which draws fluid through its inlet and forces fluid 
through its outlet, usually against the pressure created by valves, plumbing, and actuators 
downstream of the pump. Pumps, actuators, and other system components have surfaces that 
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move relative to each other, often at high speeds, pressures, and temperatures. These 
components require cooling and lubrication for efficient performance and durability. Consequently, 
hydraulic fluids not only transmit power, but also have a critical function as a lubricant and heat 
transfer medium [5]. 
Most hydraulic fluids consist of a base fluid and a combination of additives that have been 
optimized to impart chemical characteristics and functionality to the finished product. Operating 
conditions and equipment manufacturer specifications generally dictate the type of fluid that is 
required and therefore the type of base stocks and additives that must be used [5]. 

2.1 Mineral oils 

It is not known when mineral oil was first produced, but as a petroleum derivative, it must have 
been after the discovery of crude oil, but even that has already been known for thousands of years. 
Mineral oil is known by many different names. The reason for this is probably historical, as the 
product was created long before the common nomenclature was implemented. Synonyms include 
heavy mineral oil, light mineral oil, liquid paraffin, liquid petroleum jelly, mineral oil mist, paraffin oil, 
paraffinum liquidum, liquid petroleum jelly, petroleum oil, white mineral oil, and white oil. This is a 
complex mixture of highly refined saturated branched chain naphthenic hydrocarbons [7]. 

2.2 Vegetable oils (biodegradable) 

Biodegradable hydraulic fluids are currently formulated with renewable products such as rapeseed, 
sunflower, corn, soybean and canola or synthetic ester. These types of fluids are now considered 
less toxic and more biodegradable than conventional hydraulic fluids. 
Vegetable oils have excellent lubricating qualities, are non-toxic and biodegradable. Their chemical 
structures are triglycerides in which a variety of saturated, monounsaturated, or polyunsaturated 
fatty acids are esterified to a glycerol backbone. The physical properties of a vegetable oil depend 
on the nature of its fatty acid composition. These oils tend to oxidize at temperatures above 90°C 
and have a shorter life compared to conventional petroleum-based fluids [5]. 

3. Experimental procedure

3.1 The experimental stand and the mathematical models used 

The experimental test stand is a Brookfield CAP 2000+ viscometer, shown in Fig. 1. This is a 
viscometer that measures the flow behavior of fluids and the viscosity of both liquid and semi-solid 
materials, using the cone-plane coupling as working geometry, shown in Fig. 2. 

Fig. 1. Cone-plate Brookfield viscometer 
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Fig. 2. Work geometries 

Table 1 shows the characteristics of the cones used at the Brookfield stand. In our case, the cone 
used is no. 8, characterized by a diameter of 15.11 mm and an angle of 3°. 

Tabel 1: Geometry and viscosity range of testing cones 

Cone number Cone radius, [mm] Cone angle, [°] Viscosity range, 
[Pa·s] 

3 9.53 0.45 0.083...1.87 

5 9.53 1.8 0.333...7.50 

6 7.02 1.8 0.833...18.7 

8 15.11 3 0.312...3.12 

To highlight the thixotropy of the fluids, a loading test was carried out starting from the minimum 
velocity gradient to a maximum velocity gradient, from where its discharge begins. The 
temperature range at which the tests were performed was 20-75°C. 
From a rheological point of view, the models proposed to determine the rheological properties and 
to describe their behavior are: 

• Newtonian model: 𝜏 = 𝜂 ∙ �̇�, (1) 

Where 𝜏 is shear stress, 𝜂 is viscosity, �̇� is shear rate, 

• Power Law model: 𝜏 = 𝑚 ∙ �̇�𝑛, (2) 

Where “m” and “n” are material constants, 𝜏 is shear stress, �̇� is shear rate, 𝑚- consistency index, 𝑛- flow index 

From a thermal point of view, the proposed model is: 

• Reynolds model: 𝜂 = 𝜂50 ∙ 𝑒−𝑚(𝑡−50), (3) 

Where 𝜂- dynamic viscosity of the fluid at temperature, 𝜂50- viscosity at a temperature of 50°C, 𝑚- coefficient of variation of viscosity with temperature, 𝑡- temperature, 50- reference 

temperature. 
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3.2 The oils used 

In this work, the oils used were [8]: 

• H46 - It is a mineral oil that has been used as a benchmark. It has a density of 871 kg/m3,
and the kinematic viscosity at 40°C is between 41.4 - 50.6 cSt.

• HETG 46 - It is a hydraulic fluid based on vegetable oils, slightly biodegradable,
environmentally friendly. The additives used provide excellent properties related to
resistance to oxidation, corrosion, low temperature and extreme pressure. The density is
918 kg/m3, the kinematic viscosity at 100ºC is 10 cSt.

3.3 Results 

A change of the rheological properties induced by temperature or deformation in the structure of 
fluids refers to the phenomenon of thixotropy (thermal or deformation hysteresis). The 
phenomenon consists in the fact that the relationships between apparent viscosity and temperature 
or the velocity gradient measured when one of these parameters increases or decreases are not 
identical [9]. 
Figure 3 and Figure 4 show the variation of the tangential stress depending on the shear rate at a 
temperature of 20°C for H 46 and HETG 46 hydraulic fluids. 

Fig. 3. Variation of the tangential stress versus shear rate at temperature of 20°C for the hydraulic oils H 46 

Fig. 4. Variation of the tangential stress versus shear rate at temperature of 20°C for the hydraulic HETG 46 

For both fluids, the variation of viscosity with temperature at different speed gradients can be done 
in the area of speed gradients from 0 to 1000 s-1, an area where the thixotropy of the lubricant is 
negligible (the hysteresis loop does not exist).  
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If the velocity gradient exceeds 1000 s-1, thixotropy becomes much more obvious, which implies a 
limitation of the velocity gradient range on which the experimental determination of the viscosity 
variation with temperature will be made. 

Figure 5 shows the comparison of the two hydraulic fluids based on the variation of the tangential 
stress and the shear rate. 

Fig. 5. Comparison of the two hydraulic fluids based on the variation of the tangential stress and the shear 
rate 

Analyzing the two curves, we can see that the H46 fluid has a higher slope and the thixotropy is 
much more pronounced than that of the HETG46 fluid, which means that the viscosity of the H46 
fluid is higher than that of the HETG46 fluid, where the slope and thixotropy are lower.  
From the point of view of homogeneity, we can say that HETG46 fluid is much more stable than 
H46 because its thixotropy is very low. 
Figure 6 and Figure 7 show the rheograms of H46 and HETG 46 hydraulic fluids at a temperature 
of 20°C using the power law rheological model. These were performed using the numerical 
regression of the experimental data, using CAPCALC 32 software, to determine the rheological 
parameters under the assumption of power law model variability. 

Fig. 6. Rheogram of hydraulic fluids H46 at a temperature of 20°C using the power law rheological model 
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Fig. 7. Rheogram of hydraulic fluids HETG 46 at a temperature of 20°C using the power law rheological 
model 

Figure 8 and Figure 9 show the variation of viscosity with temperature at four speed gradients 
(125 s-1, 250 s-1, 375 s-1, 500 s-1) for the two fluids. The observation we can make about the H46 
fluid is that the viscosity decreases with the increase of the velocity gradient, where we can say 
that we have a strong pseudoplastic behavior. For the HETG 46 biodegradable fluid, this is a little 
obvious. 

Fig. 8. Variation of the viscosity versus temperature for hydraulic oils H46 
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Fig. 9. Variation of the viscosity versus temperature for hydraulic oils HETG 46 

Table 2 shows the parameters of the Reynolds model corresponding to the four viscosity variations 
for the two fluids. The observation we can make about these results is that the viscosity at the 
temperature of 50°C and the temperature coefficient decrease with the increase of the velocity 
gradient. 

Table 2: Characteristic parameters for the variation of viscosity as a function of temperature using the 
Reynolds model for hydraulic fluids 

Parameters 

Shear rate [1/s] 

H 46 𝜼𝟓𝟎°[𝑷𝒂 ∙ 𝒔] Temperature 

parameter, 𝒎[℃−𝟏] Correlation 

coefficient, 𝝆[%] 
125 0.030 -0.039 96.71 

250 0.025 -0.045 98.40 

375 0.027 -0.048 99.51 

500 0.020 -0.057 99.89 

Parameters 

Shear rate [1/s] 

HETG 46 

125 0.030 -0.031 97.62 

250 0.025 -0.034 98.64 

375 0.020 -0.037 98.93 

500 0.015 -0.049 99.83 
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Abstract: Certain industrial applications such as machinery, automated production lines or robots require a 
precise control of the movement speed of some mechanisms or tools. Hydraulic drives are suitable for 
applications where high power is required due to advantages such as high power-to-weight ratios, low speed 
torque, accurate control with servo proportional electro-hydraulic valves and compact design. For a precise 
control of applications with linear movement based on hydraulic cylinders, it is necessary to use closed loop 
systems. Closed loop systems involve the use of feedback transducers and servo controllers. The paper 
presents the results of the experiments of a velocity adjusting system for hydraulic servo cylinder, which uses 
a data acquisition board and a virtual instrument application made in the LabVIEW environment. 

Keywords: Servo cylinder, servo valve, linear velocity, PID control 

1. Introduction  

Hydraulic drives are widely used in large machinery and heavy industry applications due to 
possibility to scale the power and ability to change direction, torque and speed across a system 
very simple, without mechanical transmissions. Servo systems with closed loop control are used 
for positional adjustments, repeated movements with a certain adjustable stroke or a movement 
profile of some applications from machine tools. Closed loop control systems can use dedicated 
servo amplifiers, control cards or PLCs. These systems receive the setpoint variable as command 
input, the process variable at the feedback input, and the controller delivers a command signal to 
the execution element. The most widespread closed loop control system is made with PID 
controllers. Other authors have carried out research on the control performance of an electro-
hydraulic actuator using AMESim [1] or the analysis of the speed control of a hydraulic actuator 
using digital hydraulics [2]. Another paper [3] proposes an electrohydraulic actuator where the 
speed variation is done with an EHU electrohydraulic unit equipped with an electric motor with 
variable speed. Also in [4] leakage compensation was studied for maintaining constant speed for a 
drive system with a hydraulic actuator, based on the control of a proportional directional valve and 
control of the input speed for pump. 
In this work, a laboratory stand-type application was created with a servo cylinder and controller 
made with a data acquisition board and a software application developed in the LabVIEW 
environment. With the help of the application, a certain travel speed can be set and the evolution of 
the position, speed, pressures in the hydraulic cylinder chambers and the system error can be 
visualized on the diagrams. 

2. Electrohydraulic system 

The electrohydraulic system of the stand consists of a hydraulic servo cylinder with a Moog type 
D761 servo valve (Fig. 1) coupled with a hydraulic load cylinder and installed on a metal frame. 
The servo cylinder is fed from a pumping group with an axial piston pump. In the diagram in Fig. 2 
one can see the load cylinder provided with two filling / venting valves (HT) and throttle valve (TV). 
The power supply of the servo cylinder is done through the F filter, a relief valve (RV) being 
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connected in the derivation. The servo cylinder is equipped with two pressure transducers (PT) for 
the two chambers and a magnetostrictive stroke transducer (LT) for the cylinder rod. The scheme 
also includes the acquisition board (DAQ), a signal conditioner (SC) for the transducers with output 
signal 4 ÷ 20 mA and an amplifier for the control of the servo valve (VA). Signal conditioner and 
valve amplifier are supplied with voltage from a 24 Vdc source (PS). The valve amplifier is a 
modular type produced by Bosch Rexroth and has been calibrated for a maximum control signal of 
±40 mA for the servovalve coils connected in parallel, the control input being a differential type with 
±10 V. 

 

Fig. 1. Hydraulic servo cylinder equipped with transducers 

The characteristics of the hydraulic cylinder are: 
- Piston diameter:    50 mm; 
- Rod diameter:   20 mm; 
- Stroke:    200 mm; 
The characteristics of the servo valve are: 
- Size:      04; 
- Maximum supply pressure:  315 bar; 
- Rated flow:    38 l/min; 
- Signal for 100 % spool stroke: ±40 mA (coils connected in parallel). 
 

 

Fig. 2. Schematic of the speed adjusting system of the servo cylinder 
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3. Control system   

A closed loop control system has the process variable as the controlled variable. The process 
variable is measured using a sensor. In the case of the application in this paper, the process 
variable is the speed and a position transducer is used to measure it, the speed being obtained by 
deriving the displacement according to (1). 𝑣(𝑡) = 𝑑𝑥(𝑡)𝑑𝑡                            (1) 

The process variable enters the control system as feedback [5, 6]. The setpoint value is the 
desired command value for the process variable. At any moment, the process variable is compared 
with the setpoint value, and the difference between the two values is used by the controller to 
generate an output quantity to drive the system. If it is desired, at a given moment, to change the 
speed (setpoint) up or down, the controller commands the system (servovalve) to increase or 
decrease the flow rate supplied to the hydraulic cylinder chamber. Because the monitoring process 
of the process variable for the provision of feedback and the calculation of the order size to the 
system is a continuous one, the system is one in a closed loop. 
The control system for adjusting the speed of a servo cylinder has been created with a LabVIEW 
virtual instrument, which uses an NI USB-6008 data acquisition board to transmit the setpoint 
command signal and to read the process variable from a displacement transducer of 
magnetostrictive type, incorporated in the servo cylinder (Fig. 3). To read the signals from the 
transducers, a DAQ Assistant block was used in which the analog channels were configured. 
Three analog inputs (AI0, AI1, AI2) were used, one for the displacement transducer and two for the 
pressure transducers connected to ports A and B of the hydraulic cylinder. The analog signal from 
the position transducer in the 1...5 V range is scaled in mm to display the displacement and after 
derivation the signal is scaled in m/s. Scaling was done by defining tables with interpolation points 
in Scaling and Mapping blocks. The Setpoint and Process Variable signals, which enter the PID 
block (Fig. 4) were scaled in the same range of variation, and the output signal that enters the 
valve amplifier type VT 11021 that controls the servo valve was scaled in the ±10 V range. To 
generate the command signal with the acquisition board, a DAQ Assistant block was used in which 
the analog output channel AO0 was configured. For the graphic display of the signals: setpoint, 
cylinder speed (process variable), pressure ports, cylinder movement and error, Waveform Chart 
blocks were used.  
After several iterations regarding tuning the controller, the following values for PID Gains were 
established: proportional gain Kp = 1; integral gain Ki = 0; derivative gain Kd = 0.1. 

     

  

Fig. 3. Data acquisition system Fig. 4. LabVIEW controller network 

 
PID tuning allows obtaining P, I, D parameters for optimizing control objectives such as 
disturbance rejection and setpoint tracking. The Kp parameter is used to increase the response 
speed, and if it increases too much it leads to oscillations. The Ki parameter is used to obtain 
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steady-state response with the disadvantage that large oscillations can be obtained over a long 
period. The Kd parameter is used for damping purposes with the disadvantage that high frequency 
oscillations and sensitivity to noisy signals can be obtained. 

4. Experimental results 

After installing the actuation system with servo cylinder and tuning the PID controller, tests were 
done to obtain experimental data. A random signal was generated (Fig. 5) for the setpoint and the 
evolution of the response from the hydraulic cylinder was followed as precise as possible. 
 

 

Fig. 5. Setpoint and process variable - cylinder speed 

The pressure variation in the hydraulic cylinder chambers during the test can be seen in figure 6. 
 

 

Fig. 6. Pressure at cylinder ports 

The stroke profile of the hydraulic cylinder, during testing, can be found in figure 7. The maximum 
amplitude of the stroke was 70 mm. 
The variation of the error of the speed control system during testing can be found in figure 8. When 
the system is put into operation, a slight oscillation is observed, which is dampened by the 
derivative gain set to the controller. 
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Fig. 7. Hydraulic cylinder movement 

 

Fig. 8. System error variation 

5. Conclusions  

For laboratory applications that require closed-loop control, virtual instruments and data acquisition 
boards can be successfully used, without the use of controllers that can add additional costs. 
The electrohydraulic system with speed regulation controller, made with a software application, can 
also be used for testing the dynamic performance of certain applications such as robotics, 
machinery drives, etc. 
For industrial applications in the field of hydraulic actuations, numerical controllers implemented 
with the help of PLCs or industrial PID servo controllers can be used. The tuning of these 
controllers can be done by various methods such as Ziegler-Nichols, Cohen-Coon, etc. or with the 
help of PID tuning software. 
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Abstract: Wind turbine blades are subjected to complex environmental and mechanical loads during the 
operating period. To reduce and optimize maintenance costs, a detailed understanding of the degradation 
and failure mechanisms of wind turbines is required. This is important for reliable prediction of failure events, 
planning of maintenance activities and mitigation of degradation processes. The paper presents the main 
failures of mega wind turbine blades, their analysis methods, performing extensive numerical modeling of a 
blade and determining areas with stress and deformation concentrations, establishing with higher precision 
the location of critical areas in order to implement the predictive monitoring system of the wind turbine blades 
state. 

Keywords: Wind turbine, blade, numerical modeling, stresses, strains, predictability 

1. Introduction  

Wind turbine blades are subjected to complex environmental and mechanical loads during their 
service life, including cyclic deformation, precipitation, erosive particles, freezing, high humidity and 
temperature variations, but also extraordinary events such as shipping damage, bird strikes and 
electric discharges [1, 2]. To reduce and optimize maintenance costs, a detailed understanding of 
the degradation and failure mechanisms of wind turbines is required. This is important for reliable 
prediction of failure events, planning of maintenance activities and mitigation of degradation 
processes. For wind turbine blades, life extension is one of the best strategies for using them after 
25 years of operation. 
However, accidents involving structural failures of wind turbine blades are not uncommon. It is 
reported [2] that, with approximately 700,000 blades in service globally, there are an average of 
3800 blade failure incidents each year. 

2. Wind turbine blades failure mechanisms 

2.1 Methods of analyzing the failure mechanisms of wind turbine blades 

Wind turbine blade damage can be classified as surface damage (surface microcracks and 
coatings), resin and/or interface damage (delamination, resin defects), and structural element 
damage (fiber breakage or bending) [1,2]. Surface defects can be caused by erosion (caused by 
rain, sand and hail) or impacts with small objects. The damaged and rough surface reduces the 
aerodynamic performance of the blade. It does not disrupt the operation of the wind turbine, but 
surface defects grow and can lead to structural damage of the blade. 
In general, the failure mechanisms of wind turbine blades are analyzed using the following main 
methods: 

 post-destruction analysis of damaged blades; 

 full-scale testing of blades in laboratories with video observation and structural condition 
monitoring; 

 analysis of databases and collection of incident reports; 

 direct monitoring of blade deformation and degradation during operation (e.g. using non-
destructive testing and structural condition monitoring methods); 
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 testing the design of sub-components (e.g. beam), reproducing parts or elements of the 
blades (e.g. joints or sandwiches); 

 computational modeling of blade deformation and damage. 
Direct monitoring of wind turbine blade deformation and damage can be performed using 
non-destructive testing methods and structural health monitoring methods [3]. Sensors are 
attached or embedded in the blades and deformation and damage events are monitored. While 
structural health monitoring is typically developed for blade control, it can also be used to 
understand failure mechanisms. Such experiments are undertaken to investigate blade surface 
erosion. A more detailed analysis is provided in the paper [3]. 
While computational modeling of wind turbine blade degradation is one of the most effective 
approaches to failure mechanism analysis, the models typically include some predefined and 
assumed damage mechanisms. For example, a static analysis is done to establish the critical area 
of the blade and then fatigue crack propagation in that area is simulated. 
Computational models are quite efficient and have a wide range of applications. However, their 
application requires a prior knowledge of the expected damage mechanisms. 

2.2 The critical areas of the wind turbine blade 

Several segments of wind turbine blades are particularly susceptible to degradation. Among them, 
the segments subjected to the most intense loads (tip and leading edge), transition sectors (for 
example, the transition zone from the cylinder to the aerodynamic surface and the transition of the 
composite layer to a lower thickness), interface portions (with adhesive layers, e.g. trailing edge). 
According to research [4] the most affected areas of the blade are: near the root (30–35% of the 
chord length from the root) and near the tip (70% in the chord length from the root of the blade), 
the root of the blade, the trailing edge on the high pressure side and leading edge. 

The main damage mechanisms in critical areas: 
Blade tip. Because the tip velocity is the highest, the erosion and resulting damage to the leading 
and trailing edges is much more intense near the tip. Moreover, lightning can strike the blades near 
the tip and cause the skin to separate near the tip or from the spar [5]. 
Leading edge. As a rule, it is subjected to raindrops, hail, sand and frequent impacts. If surface 
erosion is not repaired quickly, it can lead to laminates cracking or allow water to enter the bonding 
area [5]. 
Trailing edge. The trailing edge of wind turbine blades can fail by peeling of the adhesive joint (e.g. 
due to peel stresses) and/or by buckling of the sandwich panels. Buckling can lead to final failure 
of the adhesive joint on the running board at much lower than maximum loads. 
Areas of thickness transitions, hub portion: Other potentially damaging sectors are in the transition 
zone from circular section to airfoil, due to the sudden transition from thick laminate to fine 
geometry and large laminated panels in the area of the maximum chord section that can be 
susceptible to buckling [5].  

Adhesive joints/Bond Lines: The 
leading and trailing edge joints 
between the skin and the internal 
stiffeners can deteriorate or peel off, 
leading to buckling of the structures 
[5]. Blade destruction can occur if the 
spar detaches from the skin and 
buckles. According to [4], the blade 
failure mechanism most often 
observed are transverse cracks in 
the area of the maximum chord 
section (initiated as a detachment of 
the outer layer from the sandwich 
core) and detachment of the 
stiffening ribs from the blade shell in Fig. 1. The locations of the damage mechanisms of a wind 

turbine blade 
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the transition zone from base (triggered by peel stresses on the adhesive bonding portions). These 
effects are amplified by manufacturing defects and blade torsional stresses [4]. Figure 1 shows a 
sketch of the locations of commonly observed damage mechanisms of a wind turbine blade.  
Thus, the most endangered sectors of the blades of a wind turbine are the protruding parts (tip, 
trailing edge), areas with transition sections and those where structural elements are bonded. 
Fortifying these areas can significantly increase the durability and service life of wind turbine 
blades. 
Figure 2 shows some images of damaged wind turbines with the power of over 1 MW. As can be 
seen, the location of blade damage is in the buckling zone, at a distance between 0.3 and 0.5 of 
the rotor radius. According to the research results presented by the authors [2] blade failures occur 
most of the time in operating conditions that fall within nominal parameters such as wind speed 
and operating period. Such destructions are consequences of non-compliance with manufacturing 
technology. Good interaction between material selection, structural design and manufacturing 
process is required to improve the structural integrity of blades. 
 

  

  
 

Fig. 2. Location and appearance of damage on operating wind turbine blades 

 
A finite element calculation model of the strength of a typical blade is presented below. The 
purpose of this numerical simulation of blade stress conditions is to establish the critical areas and 
determine the equivalent stresses and strains. 
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3. Numerical modeling of a blade and determination of stress and strain concentration 
areas 

The rotor geometry designed in SolidWorks software was then imported into the DesignModeler 
program in the ANSYS Workbench environment where the fluid domain was created. To simplify 
CFD (Computational fluid dynamics) analysis and to save calculation time, 1/3 of the entire domain 
was modeled. 

 

 

 

 

 
 
 
 
A CFD volume including 120° of the rotor was created 
with a single blade assuming periodic conditions. At the 
same time, the tower and the ground were neglected. 
The dimensions of the computational fluid domain were 
chosen taking into account the best practices and 
recommendations presented in research [6, 7] to ensure 
free flow without influencing the domain boundaries. A 
typical wind turbine rotor with the following input 
parameters was considered for the simulations (table 1).  

To simplify the structural analysis it has been assumed 
that the composite material can be homogenized by the 
following orthotropic material properties, Table 2. These 
values are representative of the properties of composite 
materials used in real wind turbine blades. 

 

Table 2: Properties of the used 
material 

Density (kg/m^3) 1550 

Young-X Modulus (Pa) 1.1375E+11 

Young-Y Modulus (Pa) 7.583E+09 

Young-Z Modulus (Pa) 7.583E+09 

Poisson's ratio-XY 0.32 

Poisson's ratio-YZ 0.37 

Poisson's ratio-XZ 0.35 

Shear Modulus-XY(Pa) 5.446E+09 

Shear Modulus-YZ (Pa) 2.964E+09 

Shear Modulus-XZ (Pa) 2.964E+09 

Among all the simulation steps, the finite element mesh generation step is the most important. The 
accuracy of the numerical calculation is determined, first of all, by the quality of the mesh, the 

density and 
distribution of nodes 
in key areas of the 
computational 
domain. Such area is 
near the blade 
surface where the 
boundary layer 
forms. In these areas 
the elements have 
been properly refined 
to correctly capture 
the strong variations 
in the flow 
parameters. Also, 
transitions from fine 
mesh to coarse mesh 
areas have been 
handled carefully, as 

too abrupt a transition can alter the accuracy of the calculation. The fluid domain was divided into 
~3000 000 elements.  

Table 1: Constructive-functional parameters of the analyzed rotor 

Nominal power, MW 1.5 - 3 

Nominal rotor speed, min-1 18 - 20 

Wind speed, m/s 10 - 20 

Rotor diameter, m 83 

Variation of shell and spar thickness, m 0.1 – 0.005 

Fig. 3. Wind turbine blade mesh details 
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This value was accepted according to the 
mesh refinement study presented in the 
research [8]. Details of the blade shell 
discretization are shown in figure 3. The 
rotor was simulated under different 
boundary conditions, such as wind speed 
of 10 - 20 m/s and rotation speed 
corresponding to the nominal one 18 - 20 
min-1. To check the correctness of the 
settings, Fig. 4 illustrates the velocity 
vectors distributed over the blade surface 
at the nominal speed of 18 min-1 (wind 
speed of 10 m/s). 
The air pressure variation diagram 
passing through the rotor was also drawn, 
Fig. 5. This corresponds to the physical 
model according to indications of the 
researchers [8]. 
 

 
 

 

Fig. 5. Variation of air pressure in the turbine rotor section 
 

Figure 6 shows the pressure distribution on the blade surface at the wind speed of 10 m/s. Such 
pressure distribution obtained as a result of aerodynamic effects for the whole range of wind 
speeds was considered as the main task in the calculation model. Thus, the blade is subjected to 
complex bending-torsional stresses. Compared to the real loads that include the gravity, in the 
simulations it was neglected. 
 
 
 

Fig. 4.  Wind turbine rotor model simulated 

at 10 m/s wind speed 
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Fig. 6. Fluid pressure distribution on the blade surface 
 

After performing the blade simulations, the results of interest were extracted. The distribution of the 
equivalent stresses (von-Misses) and the location of the concentrations are shown in figure 7. 
These are the maximum values (≈ 48 MPa) corresponding to the wind speed of 16 m/s. For the 
nominal wind speed (≈ 11 m/s) the value of the equivalent stresses is ≈ 35 MPa. For comparison, 
the tensile strength of the epoxy resin adhesive used in the blades structures is 30 – 40 MPa. It is 
obvious that the operation of the wind turbine at slightly higher than nominal wind speeds must be 
limited. 
 

 

Fig. 7. Equivalent (Von-Mises) stresses distribution on the blade shell 
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Figure 8 shows the equivalent elastic strain in the blade shell and certain locations where 
concentrations occur. An illustrative case is presented for wind speed V =12 m/s. For the other 
wind speeds the locations of the critical areas are the same. 

 

 
 

Fig. 8. Equivalent elastic strain distribution (a case for V =12 m/s) 
 

Below is a diagram containing all the values of the equivalent elastic strain depending on the wind 
speed, figure 9. The distribution of the equivalent elastic strain in the blade shell is presented for 
the minimum and maximum values that coincide with the locations along the longitudinal axis 
(radius rotor – 0.17r and 0.68r). The diagram also shows the wind turbine rotor power values 
obtained from the relationship: P = ω ∙T, where ω = 2 rad/s is kept constant at wind speeds greater 
than 12 m/s, and T – the torque developed by the turbine rotor depending on the wind speed. 

 

 

Fig. 9. Results diagram of wind turbine blade simulation 
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Determination of the critical areas with higher precision for a particular blade model requires the 
direct simulation of it. However, with the help of the information in Figures 1, 2 and 8, priority 
locations can be established in order to implement the wind turbine blade condition predictive 
monitoring system. 
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Abstract: Digital hydraulic actuation systems have had a resounding success in the scientific world since the 
beginning and have had good results, regarding the degree of intelligence, integration, energy losses, etc. 
In recent years, the phenomenon has gained momentum and attracted more and more researchers to this 
field, and with them, the interest of companies to introduce such systems to the market has also developed. 
In this work, the authors intend to review the achievements in Romania in this field and bring a national update 
of the level of knowledge of the field. 

Keywords: Digital hydraulics, energy efficiency 

1. Introduction  

Hydraulic systems developed rapidly starting with the 20th century, along with the evolution of 
microprocessor technology, so that hydraulic systems could integrate microprocessors, electro 
power amplifiers and sensors, in order to improve dynamic control, intelligence and reliability. With 
the entry into the 21st century, the huge cost of labor and energy forced the industry to develop in 
the direction of energy conservation and increasing the degree of intelligence of the systems. 
However, the cost of hydraulic equipment and low energy efficiency are key factors that limit the 
development of this field and future applications. In addition, with the introduction of the concept of 
Industry 4.0 by Germany in 2013, there was even more pressure for industrial hydraulic systems to 
be even smarter and to be integrated into the concept of the Intelligent Factory [1]. 
Considering all these general trends, if hydraulic systems want to survive in this competition on the 
industrial market, they must inevitably develop in the direction of high energy efficiency and low 
acquisition cost, and digital hydraulics offers the possibility to achieve this. 

2. Definition of digital hydraulics 

The definition of digital hydraulics is still not a stable one, and the current definitions can only partially 
reflect the characteristics of digital hydraulics, so the definition of digital hydraulics can be 
ambiguous. 
That being said, the definition of digital hydraulics is based on the views of researchers around the 
world. We define digital hydraulics as a system that realizes an active and intelligent control of the 
system output. Hydraulic components with such technical characteristics can be defined as digital 
hydraulic components. In addition, the essential feature of digital hydraulics is intelligent control; 
technology that can only achieve on/off control cannot be classified as digital hydraulics. 
Digital hydraulics is defined by the active control of the system outputs of a hydraulic component 
(directional valve, pump, actuator). Digital hydraulics is not limited to digital control of analog 
components, but relies on intelligent control using PWM (Pulse Width Modulation) signals and 
achieving flow and speed adjustments using the on/off directional valve, coded either PNM (Pulse 
Number Modulated), or PCM (Pulse Code Modulated).  

3. Types of digital hydraulics 

Digital hydraulics is divided into two categories, the parallel digital hydraulics and the switching one, 
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as well as that with a stepper motor, which comes as a subdivision of digital switching hydraulics. 

3.1. Digital hydraulics in parallel and switching 

At the European level, two types of digital hydraulics are known, the parallel one, developed by the 
University of Tampere in Finland, under the leadership of Matti Lindjama [2] and digital switching 
hydraulics, developed at the University of Linz in Austria under the leadership of Rudolf Scheidl [3]. 
Digital hydraulic systems in parallel are realized by connecting the components in parallel, and the 
value of the flow passing through each component must be in the progression made by one of the 
PNM (Pulse number Modulated) and PCM (Pulse Coded Modulated) series. 
Digital hydraulic systems in parallel have a fixed number of discrete outputs that depend on the 
nature of the components and do not require continuous switching of the components between the 
closed and the open position. 
On the other hand, the digital switching hydraulics uses components that can quickly switch between 
the closed and the open position, in order to obtain a discrete adjustment of the flow at the exit from 
the system. The high-frequency switching of digital switching systems is performed with a PWM 
(Pulse Width Modulated) signal.  

3.1.1. Stepping digital hydraulics 

These digital hydraulic systems use a precise stepper motor controlled by discretely modulated 
digital signals. The rotation of the stepping motor is transmitted to the directional valve spool through 
a mechanical structure, so that a discrete adjustment of the flow rate is obtained in order to realize 
the intelligent control of the output from the system. 
Because the stepper motor has no accumulated error and almost no hysteresis, the digital stepping 
directional valve has higher spool movement accuracy. Four typical forms of stepping digital 
hydraulic directional valve are shown in Fig. 1. 
However, the stepping motor produces rotary motion, which must be converted into linear motion to 
drive the spool. Therefore, conversion mechanisms such as cam and ball screws are indispensable. 
However, all conversion mechanisms have high friction and inertia, which act on the frequency 
response characteristics of a stepping digital hydraulic directional valve. In addition, the stepping 
motor is prone to overstepping at high frequency. These problems limit the application of these 
methods and it is a much more difficult method to implement than the digital switching hydraulics 
proposed by Rudolf Scheidl. 
 

 

Fig. 1. Four typical forms of stepping digital hydraulic valves 
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4. Digital hydraulic equipment developed in National Institute of Research & 
Development for Optoelectronics / INOE 2000 – Subsidiary Hydraulics and Pneumatics 
Research Institute (IHP) 

Within the Research and Development Institute INOE 2000 - IHP, the authors have until now 
developed various digital hydraulic systems, some up to the concept level, others up to the 
demonstrator level, and in the following these systems will be presented. 

4.1. DFCU with five binary coded directional valves 

DFCU shown in Fig. 2 consists of the following components: internal combustion engine marked M; 
fixed flow pump (HP); hydraulic accumulator (HA); 2/2 directional valve (DV6); 5 directional valves 
(on/off) DV1- DV5 type 2/2, which are transited by different flow rates in binary progression; the 
directional valve DV7 type 4/2 that changes the direction of rotation of the hydraulic motor; HM 
hydraulic motor; FM flow transducer; PT pressure transducer; F filter, and PLC that controls the 
operation of the entire system. 
 

 

Fig. 2. DFCU with 5 binary coded directional valves [4] 

 

The status of each directional valve and the achieved flow rate for each of the 31 adjustment steps 
can be seen in Table 1. 
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                     Table 1: The status of each directional valve and how to obtain the 31 adjustment steps 

 

4.2. Digital switching directional valve 

The directional valve developed for digital switching hydraulics is composed of the electromagnet 
(2) supplied with an electrical signal through the connector (1), which is attached to the steering 
valve body (4) by four screws (3). The coil is marked with the position (5) and the position of the 
return spring (6) is located depending on the construction version (NC - normally closed, Fig. 3.a, or 
NO - normally open, Fig. 3.b) towards the electromagnet or at the opposite end of the electromagnet. 
In the picture one can also see the spring plate (7) and nut (8) for the NC version. 
 

 

                a.             b. 

Fig. 3. Variants of digital switching hydraulic directional valve - a. normally closed, and b. normally open [5] 
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4.3. DHPS – Digital Hydraulic Pumping System 

The hydraulic system (Fig. 4) uses 4 fixed flow coaxial pumps connected to an electric motor (3). 
Pump selection is done with a normally open on/off directional valve (6). When one of the on/off 
directional valves is switched to the closed position, the flow is directed from the tank to the consumer 
through the directional valve (7). The safety valve (8) provides system overload protection. Each 
directional valve is transited by a different flow (Q1, Q2, Q3, Q4) from which we can select for the 
system one, two or even all of them to achieve flow regulation with the help of a programmable logic 
controller (9) (P.L.C.). 
Q1 = First pump with the flow displacement of 4 cm3/rev 
Q2 = Second pump with the flow displacement of 8 cm3/rev 
Q3 = Third pump with the flow displacement of 16 cm3/rev 
Q4 = Forth pump with the flow displacement of 32 cm3/rev. 
 

 

Fig. 4. Hydraulic system with four fixed displacement pumps consists in: (1, 2, 4, 5) fixed displacement 
pumps, (3) biaxial electric motor, (6) 2/2 directional valve, (7) one-way valve, (8) pressure relief valve 

4.4. VDLA – Variable Displacement Linear Actuator Hybrid with binary coded surfaces 

The hybrid VDLA (Fig. 5) was so named because its construction uses two types of coding, namely 
PNM coding and PCM coding, and consists of a large diameter piston (13), driven by 9 smaller 
diameter pistons (4) positioned symmetrically around the axis of the main piston (13), and their 
operation is carried out according to the table below. 
 

 

Fig. 5. VDLA Hybrid with binary coded surfaces [6] 
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Fig. 6. Hybrid VLDA actuation diagram consists in: 5 2/2 directional valves (D1, D2, D3, D4, D5), 1 one way 
valve (S), and the VDLA 

 
                         Table 2: The state of each directional valve depending on the desired setting 

 

4.5. VDLA with three binary coded surfaces 

VDLA with three concentric zones, binary coded, thus, A2 = 2A1, A3 = 2A2, thus obtaining 23-1 = 7 
different variations of force and speed. This type of VDLA allows by separately supply the 3 
concentric zones, using on/off type directional valves, to obtain a relatively linear force and speed 
variation curve. 
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Fig. 7. VDLA with 3 binary coded surfaces 

 

 

Fig. 8. Section through VDLA, where one can see the three chambers colored with blue, red and gray 

 

                                                                       Table 3: The variation of the three surfaces of the VDLA 

 
 

5. Conclusions 

The development of digital hydraulic systems is on an upward slope at the moment and they are 
becoming more and more appreciated in the field. 
From year to year, more and more articles and solutions appear in this field both in the country and 
worldwide. Digital hydraulics is a modern, reliable solution with a low purchase cost compared to 
classic hydraulic solutions. 
Digital hydraulics reduces energy losses as it can deliver the necessary flow to the work point without 
the need for additional adjustments and sending energy-carrying flows to the tank. 
At this moment, some of these systems are already implemented in the industry and we expect that 
in the coming years their number will increase considerably and they can be directly purchased from 
traditional manufacturers of hydraulic equipment. 
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Abstract: We are witnessing the dawn of the Fourth Industrial Revolution, generically called Industry 4.0. 
The paradox of progress - it's something completely unexpected: we get more and more from less, a 
phenomenon called dematerialization. One of the important achievements of this phenomenon are the 
mechatronic products, designed as systems not components. 
Mechatronic technology brings to the center of attention the problem of information, which is the dominant 
component in relation to the other components (material and energy). Arguments: information ensures the 
satisfaction of man's spiritual needs; only information increases the newly added value of all things; 
information is culture. 

Keywords: Mechatronics, dematerialization, system design, transdisciplinary 

1. Introduction  

“The strongest argument for the integration of disciplines  

is the very fact that life is not divided by subject”.  
(J. Moffett)  

 
The 21st century marked the beginning of the Knowledge Society with the following dimensions: 
Social, Educational, Environmental, Cultural, Economic. As a consequence of this Knowledge 
Society according to a considerable number of personalities we are witnessing the dawn of the 
Fourth Industrial Revolution, generically called Industry 4.0 with its basic components (intelligent 
autonomous robots, simulation and prototyping, virtual reality, 3D printing/additive manufacturing, 
culture E Integration and processes, cyber-physical systems, Internet of things, technologies Data 
centers, cloud computing). What was the major consequence of these two remarkable decades of 
the 21st century? Something completely unexpected – the paradox of progress: we get more and 
more from less, a phenomenon called dematerialization. One of the important achievements of this 
phenomenon are mechatronic products [1]. 
We live perhaps more than ever in history, in a "civilization of products". The products generate a 
standard of living, fuel a level of cultural conduct. Products of great complexity often embody a 
spirituality comparable to a book or a work of art. One of the basic trends of the 21st century is the 
development of industrial products as "intelligent with major scientific intensive content" and 
"multifunctional". This, in fact, fits perfectly into the paradox of this century - to "get more from 
less". So, industrial products are becoming more and more multifunctional. The most characteristic 
multifunctional product is the iPhone, which replaces more than 50 other products. In this context, 
the following important trends in engineering education are more and more prominent: the need to 
reengineer engineering education; creative learning; systemic design. The new, extremely dynamic 
realities demand the creation of a specialist capable of self-improvement, capable of proposing 
solutions, making decisions. "That's a book case. So what?" is the phrase that no longer works.  
The computer revolution marked the leap from the industrialized society to the informational 
society, generating a wave of innovations in technology and education. Mechatronics is a 
transdisciplinary field of engineering, a synergistic combination of precision mechanics, electronic 
command and control systems and informatics, which serves the design, realization, 
commissioning and exploitation of intelligent automatic systems. The Japanese defined the 
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meaning of these renewal movements, patenting the term mechatronics at the beginning of the 8th 
decade of the last century. 
The content of the term has been constantly enriched as a natural result of the evolution in 
technological development, becoming a philosophy, a multidisciplinary science of intelligent 
machines and the environment of integrated design and manufacturing. The mechatronics 
philosophy marked the leap from traditional, sequential engineering to simultaneous or concurrent 
engineering. But until the appearance of the first mechatronic products, the mechanical and 
electrical systems and the steering components experienced a genuine evolution (fig. 1). 
 

 

Purely mechanical systems Until 1900 1788 – the steam engine; 
1872 – the Otto engine;  
1887 – Daimler engine; Babbage's 
calculating machine; 
Mechanical typewriter. 

 1870 – the d.c. motor  
1889 – the AC motor 

Mechanical systems with 
electric drive   

1920 Machine tools; 
Pumps. 

 Electric relays 
AMPS  
Regulators 

Mechanical systems with 
automatic control 

The 1930s Airplanes; 
Automobiles; 
Steam turbines; 
Electric typewriter. 

 1948, 1952 – the transistor 
1955 – the thyristor 
1959 – the integrated circuit  
1971- the microprocessor 

Mechanical systems with:               
- Electronic analogue control; 
- Sequential control; 
- Numerical control. 

Beginning in 
the 1950s 
through the 
mid-1980s. 

Elevators with automatic control; 
Numerically controlled machine tools; 
Industrial robots; 
Computer peripherals. 

 1978 – the microcontroller 
1981 the PC 
Process mains 
New sensor and actuators 
Integration of components 

Mechatronic systems:                   
- Mechanical and electronic 
integration and calculation 
technique → Synergy; - The 
software determines the 
functions; 
- New design tools. 

Since the mid-
1980s. 

Mobile robots; 
Flexible lines; 
Electronic vehicle control (ABS, ESP); 
CD-ROM drives. 

 

Fig. 1.  Evolution of mechanical, electrical and mechatronic systems 
 

2. Design of non-component systems – a new direction 

An increasingly widespread direction in design is the design of systems rather than separate 
components. A systemic design of a product means [1]: 

- optimal operation within a system; 
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- fulfilling the pre-established functions within the limits of the life span; 
- possibility of recycling after end of life. 

Design itself is a science, which includes a set of goals for exploring design processes, for 
organizing and memorizing all design-related knowledge. In order to create a real and optimal 
system, it is necessary to be nominated, mainly, two decisions:  

- about the content, elements, terminology, etc. and through this about the system border;  
- about the internal structure, relationships, taxonomy, etc. 

A number of paradigms have been proposed to describe the design process:  
- design → search. From a systemic point of view, a project is based on a lot of input 

parameters and "objects", which must be positioned according to some functional relationships so 
that the output value represented by the product model can be defined. The design process 
consists of a search for options and solutions; 

-  design → satisfaction of some conditions; 
-  design → compilation; 
- design → optimization.  

There is knowledge that can be designated as traditional design knowledge. Knowledge about the 
strength of materials, constructive elements, technology or other fields is strictly necessary for 
mechanical design. This knowledge is not always presented in a form convenient for designers. 
Existing knowledge must be sorted and reviewed. A large part of knowledge about systems and 
design must complete the knowledge base of a designer, forming the designer's own informational 
background. Starting from these aspects, four fundamental concepts for the content of design 
science are stated: 

- Traditional knowledge and extensions; 
- Selections from traditional knowledge and extensions, additions; 
- Revised selections from traditional knowledge and extensions, additions; 
- Only expansions.  

The first concept includes all engineering sciences within the science of design. In the second 
concept the domain is improved only if common knowledge is selected. The third concept can fulfill 
the goal of relevant knowledge for designers in a convenient form. The last concept is attractive 
because no contradictions appear for the existing order. Furthermore, researching the design 
process seems to be just the right research task. This point of view is possible only if one assumes 
that designers are the only basic executive powers of the actual design process. No complete 
basis can appear in this way, describing the general transformations of information as they occur in 
the design process, including those made with the computer.  
Thus, new fields based on multidisciplinary, multifunctionality such as Mechatronics, Bionics, 
Adaptronics, Integronics etc. appeared.  

3. Mechatronics 

Mechatronics is a transdisciplinary field of engineering, a 
synergistic combination of precision mechanics, electronic 
command and control systems and informatics, which serves 
the design, realization, commissioning and exploitation of 
intelligent automatic systems. The revelation of the engineer 
from the "Yaskawa" concern was inevitable, given that 
electronics had become a component that could no longer be 
separated from mechanical systems. The term was used to 
describe the technological fusion: mechanical-electronic-
informatics [2] (fig. 2). "Mechatronics is the synergistic 
integration of mechanical engineering with electronic and 
intelligent computer control in the design and manufacture of 
products and processes". 
 

 

Fig. 2. Mechatronics concept 
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Fig. 3. Flow towards mechatronic integration. 

 
 

 
 

Fig. 4. Example of interaction of objects in a mechatronic system. 
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One can observe that the integration of the main components is carried out on the basis of efficient 
management, in accordance with the needs of the consumer. Mechatronics is the result of a 
transdisciplinary process, the result of the natural evolution in technological development. 
Electronic technology has spurred this evolution. The development of microelectronics has allowed 
electromechanical integration with microprocessors, so that electromechanical structures become 
intelligent, reaching mechatronics (fig. 3). 
Mechatronic technology brings to the center of attention the problem of information, which is the 
dominant component in relation to the other components (material and energy). Arguments [2]: 
- information ensures the satisfaction of man's spiritual needs; 
- only information increases the newly added value of all things; 
- information means culture. 
The promotion of information links in the structure of technical systems ensures their flexibility and 
reconfigurability. Quantitative and qualitative evaluation of information is an essential issue in 
education, research and production activities [3]. In fig. 4. An example of the interaction of objects 
in a mechatronic system is presented. 

4. Priority areas of use of mechatronic products 

Starting from the premise that the consumer is increasingly demanding systems, not separate 
components, mechatronic products are increasingly widespread in all fields. The consumer no 
longer wants to purchase, for example, an electric motor, a gearbox, a working machine and the 
steering system produced separately. He wants a mechatronic product optimized in all aspects 
(efficiency, dimensions, ecological). 
The nomenclature of mechatronic products is very large and varied (fig. 5): automobiles; toil; 
aircraft with ground infrastructure; satellite systems; computing; biomedical equipment; appliances; 
modern agricultural machinery; cine-
photo and audio-video equipment; 
telecommunications technique; 
intelligent transport systems; research 
equipment etc. [4]. All are representative 
examples of mechatronic products. 
Practically everything we call a high-tech 
product is a mechatronic product. The 
modern car is getting smarter. Until 
around the 1970s-1980s, mechanical 
components, many of them true 
technical "jewels", represented an 
overwhelming weight in the whole of a 
car, the electrical part and electronics 
being limited to a limited number of 
engines (starter, alternator, windshield 
wipers) , sensors (for oil temperature, 
antifreeze, oil pressure, fuel level), 
relays (for signaling, ignition) bulbs. The 
development of microelectronics, 
materialized in logic and analog 
integrated circuits, power integrated 
circuits, digital processors 
(microprocessors, microcontrollers, 
DSPs), the realization of high-
performance conventional and non-conventional actuation systems, new types of sensors, etc., 
have opened perspectives wide to satisfy some requirements, which were imposed more and more 
frequently, related to: traffic safety; economy; reliability; comfort; environment protection. 

 

Fig. 5.  Priority areas of use of mechatronic products 
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In addition to mechatronic systems for engine management, ABS, ESP, active suspension, 
interconnection of subsystems with appropriate buses – for example, CAN-Bus, navigation 
systems, X-by Wire, telematics, etc. A modern car of a medium class includes about 60 - 70 
mechatronic products (electric motors, reducers, execution mechanisms, equipped with sensors 
and sensory systems. An eloquent example is the major differences between the highly successful 
"frog" of the Volkswagen company, from the 1960s (136 W–maximum power consumed; 150 m of 
electrical cables and about 80 electrical contacts) and its successor from 2001, the "New Beetle" 
car (2050 W, 1500 m of cables and 1200 electrical contacts). Robots, in general, are the systems 
that include the most advanced mechatronic products. Mobile robots (wheeled, humanoid and 
animaloid), in addition to the mechatronic products characteristic of stationary robots, which 
include a "brain", made up of one or more processors to control the entire system, also include 
sensors and mechatronic systems that allow it to orientate, identifying or avoiding obstacles. A 
particularly dynamic field of mechatronic applications is that of micro-robots, which are in a 
continuous race of miniaturization worldwide: walking micro-robots; micro-robots for inspections in 
hard-to-reach areas; micro-robots for military applications; magnetic micro-robots for the body etc. 
According to researchers from the Massachusetts Institute of Technology, by 2020, there will be 
micro-robots capable of uniting with each other to form tools or tools and then separating again. To 
demonstrate this, they created test modules with microprocessors and magnets. Mechatronic 
systems are becoming more intelligent as artificial intelligence advances. 

5. Mechatronic education 

Developing systems thinking is especially important for today's engineers. For the training of 
mechatronics specialists in accordance with the requirements of new technologies, the basic 
mechatronic principles in education were outlined, aiming [5]: 
-   development of systemic thinking; 
-   training skills to work in a team. 
This is largely achieved through mechatronic education, which ensures flexibility in action and 
thought. By offering effective solutions to promote interdisciplinarity, mechatronics has become the 
support of efforts to stimulate initiative and creativity. The interdisciplinary mechatronics 
laboratories constitute the basis for the materialization of the principles: "education through 
practice", "education through research", transferring the emphasis from the information side to that 
of training skills at all stages of the educational process. The first graduation of mechatronic 
engineers took place in Great Britain in 1989. The content of the term mechatronics has been 
continuously enriched as a natural consequence of the evolution in technological development. 
Mechatronics became philosophy. For engineering practice, the mechatronics philosophy marked 
the leap from traditional, sequential engineering to simultaneous or concurrent engineering. 
Mechatronics is a high degree of integration of disciplines synthetically called transdisciplinarity, a 
term introduced in 1970 by Jean Piaget who defines it as "what is at the same time between 
disciplines, within different disciplines and beyond any discipline", its purpose being the 
understanding of the world through the unity of knowledge. "Because today we are in the midst of 
an intellectual revolution, we must understand that transdisciplinarity reveals to us the poetic 
dimension of existence, crossing, as I said, all the disciplines, beyond them. Not to be confused, 
however, with multidisciplinarity and interdisciplinarity" says Basarab Nicolescu. Transdisciplinarity 
is seen as a superior form of integrated learning and involves concepts, methodology and 
language, which tend to become universal (systems theory, information theory, cybernetics, 
mechatronics, integronics, etc.). The interpenetration of disciplines and the coordination of 
research can end up with the adoption of the same set of fundamental concepts or general 
methodical elements, that is, a new field of knowledge or a new discipline. 
Starting from the premise that today engineers must be trained at a high interdisciplinary level at 
the Technical University of Moldova within a cross-border project, a Mechatronics Laboratory was 
created (fig. 6), and the education plan for engineering specializations completes a discipline nine - 
"Applied Mechatronics". 
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Extensions of mechatronics in other fields such as: hydronics, pneutronics, thermotronics, 
autotronics, agromechatronics (precision agriculture) are increasingly common. The evolution in 
the micro- and nano-fields means: micromechatronics, nanomechatronics, and at the junction of 
the fields of natural and artificial systems - biomechatronics. The general trend is to "intellectualize 
machines and systems". 

6. Conclusions 

- The integration of electronics and computer technology has led to the substantial simplification of 
mechanical components and cheaper systems. Mechanical parts have been replaced by electronic 
components, cheaper, more reliable, more precise and easier to maintain. 

 

Fig. 6. Mechatronics Laboratory: Technical University of Moldova 
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- In the perspective of lighter constructions, relatively elastic systems were made, with a reduced mechanical 
damping, but in which a command with adequate reaction, based on electronics, sensors and adequate 
actuators, ensures an electronic damping. 
- Introduction of regulation systems for position, speed, force, etc. it allows not only to maintain the 
programmed quantities within reasonable precision limits, but also to obtain a quasi-linear behavior, even if 
the mechanical system is non-linear. 
- Mechatronic products are increasingly ubiquitous in all fields: aerospace, robots, industry, medicine, 
domestic, etc. 
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Abstract: Exploitation of renewable energy sources is the most convenient solution for reducing the negative 
effects of the use of fossil fuels: pollution, temperature rise, vegetation change, etc. Although there are 
numerous targets set worldwide, the concrete results are not at the expected level. This is why more and more 
technical fields are involved in finding solutions for increasing the amount of useful energy from renewable 
sources, as well as for solving other problems associated with energy production, such as its storage. The 
paper presents some achievements in which the field of fluid power is involved, with an emphasis on the 
systems developed in recent years, and which have been put into operation or have a high potential for this. 

Keywords: Compressed air, hydraulic system, renewable energy, digital hydraulics 

1. Introduction   

Renewables generated 28.3% of global electricity in 2021, similar to 2020 levels (28.5%) and up 
from 20.4% in 2011. Despite the progress of renewables in the power sector, the surge in global 
energy demand was met mostly with fossil fuels [1]. This amount of energy is produced with total 
installed capacities of 3146 GW, of which 314 GW were added in 2021, 17% more than the previous 
year. The conversion from solar and wind energy covers more than 10% of the total electrical energy 
consumed, the completion of up to 28.3% being provided by hydro energy (15%) and bio + 
geothermal (approx. 3%). Unfortunately, the burning of fossil fuels still provides a significant share 
of the electricity consumed, 62%, and the rest is produced in nuclear power plants, which are also 
the subject of some controversies. 
There are also positive aspects: one of them is that, 10 years ago, the share covered by renewable 
sources was only 20% of electricity consumption, while the absolute values were significantly lower. 
However, the current trend of increasing the share of renewable energy and conversion capacities 
in the total of plants for the production of electricity is far from that required to reach the targets 
proposed for the years 2030 or 2050; this is why the forceful approach of commissioning as many 
renewable energy conversion units of various types as possible is necessary. 
Hydraulic and pneumatic systems can be found, in recent decades, in various installations for the 
production of energy from renewable sources, and the number of fields in which they are involved is 
constantly increasing, as the technological advance and the appearance of new materials solve 
certain problems. One example is the emergence and use of biodegradable oils, making hydraulic 
systems compatible with onshore or off-shore applications. 
In the following, some systems will be presented in which fluids under pressure (mainly air, water or 
oil) play an important role in various phases related to the production or storage of energy. 

2. Pneumatic systems in the structure of energy production facilities 

2.1 CAES system 

The most well-known system based on energy storage in compressed air is the CAES system 
(Compressed Air Energy System); it solves the problem of the imbalance between energy production 
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and its consumption, by storing part of the energy produced in the form of compressed air, during 
the production surplus period. When energy demand exceeds production, compressed air is used to 
drive electric power generators, often with the help of gas turbines. 
The first utility-scale diabatic compressed air energy storage project was the 290 megawatt Huntorf 
plant opened in 1978 in Germany using a salt dome with 580 MWh energy, 42% efficiency. 
 

 

Fig. 1. Huntorf plant (Germany) and the principle of operation [2] 

  
As one can see in the figure above, energy storage is based on air compression in special 
enclosures, at a pressure of several tens of bar (50...70 bar in operation); the compressors are 
powered by surplus energy, produced during periods of low consumption. Air is held in the reservoirs 
until consumption increases and requires the commissioning of additional capacity (turbines). These 
turbines, in which natural gas is mixed with pressurized air, use approx. 2/3 of the energy produced 
for air compression; therefore, using already compressed air, all the energy produced is delivered to 
consumers. 
Other technical characteristics of the plant: 
- It uses 2 caverns of approx. equal shapes and volumes (140,000 and 170,000 m3, respectively) 
- Vertical location between 650 and 800 m depth 
- Maximum air flow used by the turbine: 417 kg/s. 
The location and shape of the two caverns is shown in figure 2. 
 

 

Fig. 2. The shape and location of the two caverns of the Huntorf plant [3] 
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Following the success registered in operation, a 110-megawatt plant with a capacity of 26 hours 
(2,860 MWh energy) was built in McIntosh, Alabama (1991). It uses a 540,000 m3 solution mined 
salt cavern to store air at up to 75 bar. The stored energy is enough to cover the electricity 
consumption of 11,000 American homes for 26 hours. 
Both of these plants use diabatic processes, and the technology is called D-CAES; starting from this 
and using the heat resulting from air compression, the A-CAES (Adiabatic – CAES) technology was 
developed, which is still at an experimental level. 
In D-CAES applications, the energy stored in compressed air is used indirectly, the compressed air 
being mixed with natural gas for combustion; however, there are also applications where 
compressed air is used directly, to drive a pneumatic motor that, further, drives a generator. In this 
case it is of interest to know the amount of energy that can be stored in compressed air; a preliminary 
calculation can be made using the formula: 𝑊 = 𝑝𝐵𝑉𝐵 ln 𝑝𝐴𝑝𝐵 + (𝑝𝐵 − 𝑝𝐴)𝑉𝐵                            (1) 

where: W – stored energy (MJ), PA, PB – initial and final pressures in the enclosure, (MPa), VB – 
volume of the enclosure (m3). The formula can be used for isothermal processes. 
If we consider the compression of air from atmospheric pressure to 100 bar, in an enclosure with a 
volume equal to 1 m3, taking into account that 1MPa = 10 bar, we will get: 𝑊 = 10.0 𝑀𝑃𝑎 ∙ 1 𝑚3 ∙ ln(0.1 MPa/10.0 MPa) + (10.0 MPa –  0.1 MPa) ∙ 1 𝑚3 = =  10 ∙  (−4.6)  +  9.9 =  −36.1 MJ 

       (2) 
Given that  1 𝑀𝐽 = 0.2778 kWh                            (3) 
it results: 𝑊 = −36.1 ∙  0.2778 =  −10.03 kWh                                             (4)  
the "–" sign shows that the gas absorbs energy.  
Air compression in storage plants can be of three types: isothermal, adiabatic and diabatic. In storage 
plants that use isothermal compression, the heat produced during compression is removed at the 
same rate as it is produced, in order to maintain a constant temperature. An air cooler is used to 
remove the heat in the atmosphere, and a heater is used to use the stored air. In storage plants that 
use adiabatic compression, heat is stored and reused when exhausting the air towards a gas turbine. 
These plants can have an efficiency of up to 90 percent. Storage plants that use diabatic 
compression remove heat with the help of an air cooler, and when the stored energy is needed, the 
compressed air is released and heated by combustion to be used to drive a gas turbine. Nowadays 
all the companies are trying new methods to store the heat produced when compressing the air to 
be fully reused to maximize efficiency [4].  

2.2 Ground-Level Integrated Diverse Energy Storage (GLIDES) technology 

A step forward from the CAES principle and technology is the use of pressurized air only for energy 
storage, and an intermediate fluid (water, oil, etc.) is used to convert the stored energy into 
mechanical energy. In the following, two examples of such technologies are presented. 
GLIDES is a laboratory technology, developed at Oak Ridge National Laboratory, USA, in the 
experimental model stage, intended to store energy in the form of compressed air, with the help of 
a "liquid piston", which is actually water under pressure [5]. 
The main parts of the system are: a reservoir for maintaining the liquid at atmospheric pressure, 
vessels containing air (or other gas) at an initial pressure, a pump with which the vessels are 
charged, as well as a mechanical energy generator (turbine of special construction). To these main 
components, some specific hydraulic components are added, to carry out the processes. For energy 
storage, liquid is pumped from the storage tank into pressure vessels using excess energy. The 
process takes place until the maximum storage pressure is reached. To use the stored energy, 
pressurized water is sent to a hydraulic turbine, which drives an electric generator. 
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Fig. 3. "Liquid piston" technology - the working principle 
a) storage phase; b) the phase of recovery / reuse of stored energy 

 
The figures below show two phases of the operation of the experimental plant. In figure 4, the 
installation is in the energy storage phase, when the water is pumped into the storage containers; 
the water from the large capacity external tank (approx. 2000 l) is pumped into 4 tanks of 500 l each, 
up to a pressure of 130 bar. When this pressure is reached the water pump is stopped and the 
energy can be maintained without loss as long as needed. 
 

 

Fig. 4. GLIDES experimental installation - energy storage phase 

 
In Figure 5, the installation supplies the stored energy and converts it from pneumatic energy to 
mechanical energy by means of a specially constructed 2-jet Pelton turbine capable of delivering 5.5 
kW per jet. The unloading of the storage containers is done until the pressure reaches 70 bar. The 
water that drives the turbine is collected and returned to the outer tank without being lost. The 
minimum pressure in the storage tanks is monitored and restored whenever necessary. 
 

 

Fig. 5. GLIDES experimental installation – delivery of stored energy 
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This installation is experimental; there are also industrial applications, of significantly higher powers, 
but they must solve certain problems when moving from the phase of experimental installation to 
that of a functional solution. Such a solution was developed by the AUGWIND company. 

2.3 AUGWIND air battery 

The Israeli company AUGWIND was founded in 2012 by two researchers who started from the 
premise that the progress made in the conversion of renewable energy is not also found in the 
storage of the resulting energy, so that the energy is available for longer periods of time. The solution 
developed by the company is a combination of pumped hydro and compressed air energy storage. 
The system has the commercial name of AirBattery and has been implemented in several energy 
storage projects, which accumulate over 200 MWh [6]. 
The principle diagram is shown below; the pre-compressed air is found in some tanks placed in the 
ground, in which water is introduced until the air reaches a pressure of 40 bar. The pumps are 
powered by electricity from a renewable source (wind, solar, etc.); since the water is introduced 
gradually, the process is isothermal. Water pumped into pressurized tanks is stored in above-ground 
tanks. 
After reaching the working pressure, the pumping process stops and the "battery" is charged; the 
supply of the stored energy is done by sending water under pressure to a hydro-mechanical 
converter, of the water turbine type, which drives an electric generator. 
The key element of this system is the pressure tank, in which the water compresses the air; for large 
tanks, classic solutions such as metal tanks are not sustainable, due to high costs. The solution 
proposed by AUGWIND is based on an inner polymer lining, surrounded by a metal mesh with 
mechanical resistance. The resulting assembly, shaped like a classic cylindrical tank, is mounted 
below ground level and covered with concrete; this results in a pressure-resistant container with a 
long service life. 
 

 

Fig. 6. Structure of the AUGWIND compressed air energy storage facility 

 
The main advantages are presented below; it is important to note that since there are no components 
in relative motion, wear is very low and therefore the theoretical number of charge-discharge cycles 
is very high. The efficiency estimated by the company exceeds 80%. 
Another advantage is given by the possibility of scaling the installation by adding a corresponding 
number of tanks; regardless of the number of buried tanks, the soil above them can be used for 
agriculture or energy production with solar panels or other technologies. However, a technical-
economic analysis carried out by the company indicated that, for maximum efficiency, the storage 
capacity must be at least 5 MW. 
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Fig. 7. Advantages of the AirBattery system 

3. Hydraulic systems in renewable energy conversion facilities 

3.1 Hydrostatic transmissions with applications in the field of wind turbines 

The previously presented solutions were based on energy storage in pressurized air, hence 
pneumatic applications; hydraulic systems, in turn, have a significant involvement in the conversion 
and storage of renewable energy, in various forms. However, the most widespread applications are 
those related to the transmission of energy with hydraulic sub-systems in the structure of wind 
turbines. 
These turbines, mainly the horizontal axis ones, have the electrical generator mounted coaxially with 
the rotor, which significantly increases the mass of the assembly placed at height, which can reach 
tens of tons of weight. For this reason, the expenses related to the construction housing this 
assembly are high and are reflected in the final price of the turbine; another problem is the price of 
maintenance operations, which is higher if it is carried out at height. 
The platform (excluding the rotor) represents between 20 ... 35% of the total weight of a large turbine 
reaching in some cases the order of hundreds of tons. In the case of the VESTAS V90/3000 turbine, 
with a power of 3 MW, the nacelle weighs 75 tons, the rotor 28 tons, and the tower minimum 155 
tons. 
At the level of 2022, the largest horizontal axis turbines have reached powers of 15...16 MW. Even 
if it is considered that the mass placed at height does not increase proportionally with the installed 
power of the turbine, the weight of the components is a significant one, and any reduction of it has 
favorable effects on the final price of the turbine and subsequent maintenance. 
One of the possibilities to reduce the mass located at height is to mount the generator on the ground 
and transmit the energy from the rotor through a hydrostatic transmission; in this way the rotor and 
some hydraulic components remain located in the nacelle and the rest are located below. Research 
in this direction began in the 1970s, with the Rybak company putting into operation, in December 
1980, the turbine model SWT-3, with an installed power of 3 MW. 
In this turbine, the hydrostatic transmission is composed, at the level of the flow generators, of 14 
hydrostatic pumps with constant flow, which feed a group of 18 motors with variable flow; a speed 
multiplier is used to increase the speed of the rotor, to be compatible with the drive speed of the 
pumps. Another gear transmission is mounted between the hydraulic motors and the generator. 
In 2010, in Germany, the RWTH Aachen University developed an experimental platform that 
simulates a variable speed wind turbine and carried out experimental research with modeling and 
simulation [7]. 
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Fig. 8. Operating principle of the wind turbine with hydrostatic transmission 

 
As in the case of the Rybak turbine, the pumping group is made with fixed flow pumps, and fixed 
and variable flow motors are used to drive the generators; one or both engines can be used to drive 
each generator, according to figure 9 (a). 
The results indicated that this hydraulic transmission of wind power can compensate the influence 
of the fluctuation of the wind speed on the output power, but also achieve an optimal efficiency of 
85%. 

 

Fig. 9. Hydrostatic transmission (HST) for a 1 MW turbine developed at IFAS 
 
A more complex scheme, using both pump and motor in digital construction, is shown in figure 10 
[8]. 

 

Fig. 10. Diagram of a hydrostatic transmission with digital elements integrated in a wind energy conversion 
system 
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The mechanical energy produced by the rotor is transmitted to the hydrostatic pump, which supplies 
high-pressure flow to a hydraulic motor that rotates the electric generator. This system works in a 
closed circuit and includes all the specific components; the oil in the circuit is cooled and filtered and 
water is removed, using an off-line circuit. A central control unit manages the operation of the system. 
The construction using the principles of digital hydraulics of the pump and the motor is based on 2 
technological peculiarities: 1) intake and discharge valves with electromagnetic control, and 2) the 
parallel coupling of banks of cylinders to create digital pumps and motors of desired capacity. The 
solution was put into practice by the company Artemis Intelligent Power. 
In 2009, this company made the first version of the digital pump designed to equip a hydraulic 
transmission for a turbine with an installed power of 1.6 MW. The test results indicated an efficiency 
of the turbine equipped with this transmission of over 90%, close to the efficiency of a classic turbine 
[9]. 
Artemis Digital Displacement (ADD) drivetrain is formed by a hydrostatic transmission followed by 
two parallel synchronous generators. For the 1.6 MW system (rated power), one low speed pump 
drives two 800 kW hydraulic motors. The hydraulic motors each drive one electrically excited high 
voltage synchronous generator. The most important optimization for the pump and motors consists 
in making the valve's operation independent of the angular displacement of the rotor shaft. This 
unconstrained dependence allows individual operation of each cylinder. 
 

 

Fig. 11. Hydrostatic transmission for wind turbines proposed by Artemis Intelligent Power 
 
The ADD low speed pump has a total of 68 cylinders (pistons) contained in two parallel banks; to 
drive the pump pistons, a cam ring is used, which is similar to a ring with lobes on the outer surface, 
but without any eccentricity. The pump pistons are forced to follow the lobes of the ring and in this 
way they perform their oil pumping function. The pump ring in the 1.6 MW transmission has 24 lobes, 
which actuate 34 pumping pistons; to achieve the required geometric volume, 2 packages of pistons 
are mounted together, according to figure 11. 
Artemis Digital Displacement motor has a total of 24 cylinders of the same geometry. They are 
distributed in 4 banks. Each bank includes 6 cylinders equally radially distributed. The banks are 
stacked over each other. One single camshaft drives the 24 cylinders so each cylinder had one full 
stroke any single revolution. 

3.2 The use of various working fluids 

The energy transmission systems from the offshore turbine component have certain constructive 
peculiarities, which take into account their location; an important problem related to the use of 
hydrostatic transmissions is the pollution that can occur when oil is lost in the circuit; to avoid this 



                                                                                                                      ISSN 1454 - 8003 
       Proceedings of 2022 International Conference on Hydraulics and Pneumatics - HERVEX  
                                                                                             November 9-10, Băile Govora, Romania 

 

 

248 

 

problem, some researches turn to the use of biodegradable fluids or even sea water, as is the case 
of the two examples below. 
Figure 12.a shows the operating principle of an offshore turbine, where the electric generator is 
connected to a water turbine, driven by a jet of sea water that is pressurized with the help of a pump; 
it is driven by a hydraulic motor fed from a pump connected to the rotor of the wind turbine. If the 
hydrostatic transmission is located above sea level (on a platform, for example), the danger of 
pollution is eliminated or greatly mitigated. The solution was proposed and developed by Delft 
University. 
 

 

Fig. 12. Wind turbines that use sea water 

 
A step further is achieved if hydrostatic transmissions are used that work with sea water as the 
working fluid, as shown in figure 12.b [10]; in this case, the hydraulic pump driven by the rotor works 
with sea water in an open circuit, sending the water to a Pelton turbine that drives the electric 
generator. For the (limited) compensation of the decrease in wind speed, a pneumo-hydraulic 
accumulator is installed, which is charged during periods of strong wind. The amount of stored 
energy is limited by the capacity of the accumulator; if this one is permanently connected, it can 
reduce the unevenness of the flow that drives the Pelton turbine. 

4. Conclusions  

Fluid power applications in the field of renewable energy are very diverse and constantly expanding. 
The compressibility of gases recommends them for storage applications in natural or artificial 
reservoirs, at pressure rates of 50...100 bar; with capacities in the order of hundreds of thousands 
of cubic meters, the tanks can store significant amounts of energy and have the advantage of a long 
operating life, while maintaining performance. The first plant of this type was commissioned in 1978 
and is still active, proving the reliability of the CAES concept. 
Along with the development of new materials and manufacturing solutions, the range of applications 
has also expanded; in addition to purely pneumatic applications, a current trend is that of "liquid 
piston" solutions, in which water compresses the air in the tank. 
Regarding hydraulics, its involvement in renewable energy applications was initially found in pitch 
adjustment, yaw and rotor braking, lubrication; a newer direction is energy transfer. The involvement 
of hydraulics in these fields is due to the advantages it has over other types of systems (mechanical, 
electrical) - safe, reliable, with a good power density and competitive prices. 
Regarding hydraulic power transfer, the future seems to belong to digital systems, at least for the 
main components of a transmission: the pump driven by the turbine rotor and the rotating hydraulic 
motor that drives the electric generator. If the initial solutions, such as the Rybak turbine that 
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appeared in the 80s, had a large number of pumps and motors that were actuated in turn, taking into 
account the transmitted power, today digital technology has penetrated the interior of rotating 
hydrostatic machines, as can be seen in the achievements of the ARTEMIS company.  
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Abstract: With the progress made in the fields of programming and electronic systems, the next step was 
taken, artificial intelligence. By using AI in modern systems, we want to support man in all his activities by 
introducing systems that can process a certain set of information by themselves without man intervening in the 
process. Although the use of AI comes to the aid of humans, it increases the level of knowledge necessary for 
the operator to be able to operate such systems. In this paper, the authors want to bring an update on the field 
of intelligent hydraulics and the degree of use of AI in modern hydraulic systems. 

Keywords: Intelligent hydraulics, artificial intelligence, modernization, intelligent hydraulic pump, smart 
hydraulic, energy efficiency 

1. Introduction 

A first attempt to define artificial intelligence (AI) was given by its parents Minsky and McCarthy, who 
considered it to be any activity that is now done by a machine and was previously done by a human. 
Researcher Francois Chollet said that artificial intelligence is related to the ability of a system to 
adapt and improvise in a new environment, to generalize its knowledge and apply it to unknown 
scenarios. Intelligence is the efficiency with which new skills are acquired to solve non-specific tasks. 
Intelligence is often thought of as the ability of humans, or in the case of artificial intelligence, of 
machines to learn, but we are actually discussing how effectively new things can be learned. 
According to specialist Lynne Parker A.I. is basically an umbrella term for a broad set of methods, 
algorithms, and technologies made by appropriate software, such as machine learning, natural 
language processing, or robotics. Since the industry has already entered the era of artificial 
intelligence, hydraulics could not remain outside the phenomenon. Even if the definition of intelligent 
hydraulics is still under discussion, it has been accepted that in any variant to ensure features such 
as the existence of a programmable block, a system of communication with the outside world of the 
machine, the existence of a hard suitable for the purpose, the existence of a diagnostic capacity. 
The level of intelligence is different from machine to machine and is basically given by the level of 
control, command, monitoring and organology of the equipment. The faster, more precise and more 
capable the cars are of self-adaptation to specific conditions, the smarter the car is considered to 
be. It is already evident that the level of intelligence required and accepted is also constantly 
increasing, that is, there will be a visible increase in the ability to store, transmit and process data, 
in addition to the development of actuation and acquisition equipment [1]. 
Smart products are defined by a number of basic characteristics, usually codified and divided into 
static and passive or dynamic and active. 
When the concept of Industry 4.0 began to be used more often in the real economy, it was switched 
to an identification of products - smaller milestones and especially passive ones through unique 
codes such as the serial number, to which a quantity of information is attached in depending on the 
level of digitization. 
The transition to production based on intelligent technologies has made the manufacturing phases 
to be taken over and recorded digitally, which essentially serves to streamline the assembly and 
maintenance of equipment and systems. 
Even if the introduction of artificial intelligence knows an intense development, the role of the 
operator will not disappear, but his activity will be modernized and adapted to new technologies. The 
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unfortunate problem is that this process will be done primarily to optimize profits and quite a bit for 
the public good. 
In order for the ethical elements of development to be respected, it is necessary for the use of artificial 
intelligence to be made transparent and responsible in compliance with laws and legal norms, and 
the technologies and procedures to be easily explainable and aimed at solving the expectations of 
the population. Ethics is applicable in all sub-fields of manufacturing including design, operation and 
maintenance. It is important that products are designed to be safe and reliable right from the design 
stage. It cannot be accepted that manufacturers can bypass or exclude the good of buyers by 
blaming artificial intelligence that would apply all the laws and regulations in force too strictly. 
Damage or accidents caused by automated machines cannot be accepted as the fault of the 
technology and not the manufacturer. For example, technology based on artificial intelligence that 
has penetrated the medical field cannot be held responsible for possible errors and accidents, given 
the obligation of producers and users for special human supervision, in all phases, from conception 
to the exploitation of the results [2]. 
The relationship between artificial intelligence and intelligent hydraulics: 
The area of use of artificial intelligence is very large, but even more important is the permanent 
increase in the number of fields in which it is applied. Very important are the applications in 
technology, and in this direction essential are the applications in the subassemblies that ensure the 
movement. In principle, the movement is ensured by electric drive or by hydraulic drive. In recent 
years, intelligent hydraulic equipment has emerged as the basis of artificial intelligence involved in 
the technologies of mobile machinery industries, agricultural machinery production, aviation, 
metallurgy and steelmaking, machine building, etc. Interestingly, both hydraulic equipment and 
systems are used, as well as hydraulically actuated test stands. Practically all ideas, methods, 
solutions valid for artificial intelligence are also valid for intelligent hydraulics. 

2. The importance of intelligent hydraulics 

Intelligent hydraulic systems help end users gain better insight into their equipment, which improves 
machine performance and increases productivity. 

Intelligent hydraulics is a necessity and not a technological fad to which hydraulic actuation also 
aligns. Among the elements that show the importance of intelligent hydraulics are the following: 

a) Creates new jobs that involve knowledge from modern technical-scientific fields. Traditional 
operators who often have elementary training will no longer find easy work, instead the number 
of jobs that require workers to know some elements of electronics, mechanics, electricity, 
hydraulics and Informatics. 

b) Reduces unnecessary energy consumption in areas such as transport, metallurgy, 
manufacturing technologies. The fact that the intelligent hydraulics will adapt the energy 
consumption to the necessary, optimize the energy balance of the machine and solve the energy 
efficiency shows the modernity and usefulness of the concept. 

c) Saves the person from performing operations that require great effort and repetitive, physically 
tiring, but especially mentally. 

d) Essentially contributes to the modernization of machinery drive systems. Over time, the 
specialists have worked, are working and will work on energy efficiency and increasing 
productivity from the design, production and maintenance phases of both the technological lines 
and the final products that reach clients, individuals or legal entities. There is no variant of 
development without the involvement of artificial intelligence, therefore also of intelligent 
hydraulics. 
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3. The advantages of intelligent hydraulics 

Lately it has been accepted that intelligent hydraulics is important in the process of technological 
modernization of the economy. However, companies have been restrained in its industrial 
application, although there are many economic advantages such as: 
• Intelligent hydraulics create competitive advantages that can be vital for manufacturers. The 

level of economic efficiency of intelligent hydraulic systems leads to the creation of competitive 
advantages, which very often can drive some firms out of the market, or produce an 
unexpectedly high demand from the market. The fact that intelligent hydraulics increases 
efficiency and productivity has made many companies active in the field in order not to be 
excluded from the market. In the near future, the market will no longer accept products with low 
efficiency or low productivity. The price of energy will drive out of the market producers who do 
not adapt to trends and customer demands. 

• Obtaining special economic results as a result of modern equipment and systems, which have 
acceptable expenses for the activities that give intelligence. With the reduction and stabilization 
of the prices of intelligent hydraulic equipment, electronic calculation blocks and data 
transmission and reception systems, the reluctance to use AI (and therefore also intelligent 
hydraulics) of manufacturers has been reduced very seriously. 

• Easy access to high class computing systems. For a long time and in many countries, difficult 
economic, technical and scientific access to high-performance technologies and equipment was 
a decisive factor blocking progress. Today, the unrestricted existence on the market of methods, 
equipment and high-performance computing systems, such as processors and PCs, but also 
cloud systems, allow anyone fairly easy access to everything necessary for smart technologies. 

• The ability to solve concrete problems. Intelligent hydraulics make an essential contribution to 
reducing the risks of important functional errors, especially in workplaces that are dangerous for 
humans. 

Intelligent hydraulics have the ability to work faster than humans, to be available at any time of the 
day, but above all to perform difficult and repetitive work. 
The fear that intelligent technical systems will reduce the number of jobs is unfounded, although 
those requiring lower professional training will be reduced, but the number of those requiring higher 
qualifications will increase significantly. 

4. General applications of intelligent hydraulics 

Intelligent hydraulics began to be used more and more in almost all industrial fields. 
• In the field of car, rail, naval or air transport, it must be specified that the modernization involves 

the fields of planning, the fields of tracking, the technological fields of actuation of various sub-

assemblies and devices and even the actuations of energy-efficient tractions. 

• In the field of machines and automatic machines such as robots and manipulators, hydraulics 

and pneumatics equipped with artificial intelligence occupy a dominant position in opposition to 

electric variants. 

• In the field of agricultural machinery and machinery, intelligent hydraulics will allow a 

revolutionary development of the entire agricultural sector. 

• In the fields of machine tools and technological manufacturing lines, with all directives without 

technical support to favor electric drives, a special involvement of intelligent hydraulics is 

foreseen. 

• In all technical fields where there are complex machines that need powers greater than 20kw. 
The need to move to intelligent technology in the field of hydraulic drives is for machines and 

machines in manufacturing technologies to become even smarter, so to increase efficiency and 

productivity it is necessary to improve connectivity. Intelligent hydraulic systems are always prompter 

and can provide general intelligence either by using only intelligent equipment or by selecting areas 
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with important influence in the operation of the assembly and only those will be equipped with 

intelligence. The intelligence of hydraulics allows better communication not only with the central 

command and control system but with all the machines in the entire plant. Also important is the 

compatibility with the Internet of Things-IoT, one of the bases of the Industry 4.0 process, which 

makes full use of the individual performances of each installation. 

The life of the machinery is essential for the user of the hydraulic installation, which is why intelligent 

systems are needed to detect faults before they occur to reduce downtime. It's good to know when 

the uses become dangerous, when the filtration starts getting worse, or when the machines start 

going out of tune. In this way, we can talk about a timely service and a low repair time [3]. 

As a result, the intelligence of the hydraulics allows the transition to a proactive maintenance, through 

which the danger of a failure is detected in time, so the operators can plan to stop the machine only 

when necessary and often this allows the full supply to be made and on time, thus reducing stocks. 

Another motivation for switching to intelligent hydraulics is that problem identification, so diagnosis 

becomes easier and thus maintenance becomes cheaper, as well as minimizing machine downtime. 

The increase in costs with the modernization of machines and the introduction of intelligent 

components is amortized quite quickly by reducing the downtime and increasing the quality of the 

products. 

Using intelligent hydraulics in figure 1 we can see parameters that we can measure and the benefits 
of knowing them [4]. 

5. Intelligent hydraulics 

The trend of recent years in hydraulic drives has been and still is towards smarter components and 
systems that have greater freedom, flexibility and efficiency. It finds that manufacturers of complex 
machinery are looking for smarter hydraulic drive components and subassemblies. Hydraulic drive 
suppliers need to know that the level of intelligence is changing extremely quickly. Users of hydraulic 
pumps take into account their efficiency, the controllability that increases the precision and dynamics 
of the pumping systems, the versatility that ensures good operational flexibility of them, but also the 
level of noise and vibrations that can negatively influence the whole machine. Beneficiaries want 
intelligent hydraulics to lead to smooth and efficient hydraulic response. 

6. Intelligent hydraulic equipment 

6.1 Smart pumps and pumping units 

The most important hydraulic equipment that has been equipped with artificial intelligence are pumps 
and pumping units. The intelligent drive and control of hydraulic pumps required by industrial 
applications ensures not only the efficiency, controllability and versatility of the system but also the 
control of noise, temperature and vibration. Intelligent pumps created for Industry 4.0 allow the 
visualization of operational information regarding flows, pressures, yields, temperatures, speeds at 
any time. The fact that this data, as well as others, can be accessed not only directly but also via the 
cloud enables efficient control of mobile machinery as well. Crucially, the sensors and control system 
elements are integrated into the pump allowing easy connection to both the hydraulic system and 
the large machine. This allows the variation of the flow (speed) and the adjustment of the initial 
settings according to the requirements of the machine and the situation at each moment of the 
mechano-hydraulic parameters, existing on the machine. The advantages of using this type of pump 
can be concentrated in: 
- Remote control and command 

- Good functional efficiency 

- Predictive maintenance that improves uptime and reduces maintenance costs 
Figure 1 shows the hydraulic pump and its control and data acquisition elements. The PLC module 
can be connected to the Internet and controlled remotely or by Artificial Intelligence. 
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Fig. 1. Smart hydraulic pump [5] 
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6.2 Actuators and pipelines 

The hydraulic actuator is a piece of equipment that converts the energy of a fluid under pressure into 

mechanical energy. The actuator can be linear, rotary or semi-rotary, so a cylinder or a rotary motor. 

The actuator has become from a simple piece of equipment to a complex one by adding sensors 

and command and control blocks. If we only refer to the intelligent hydraulic cylinder, it is composed 

of an ordinary cylinder to which a linear sensor and an electronic block are attached inside or outside 

to ensure the commanded position or speed. It accurately provides distances within the stroke 

(typically from 0 to 3m), forces (from 1 to 500kN) or fixed or adjustable speeds. The cylinder's 

intelligence allows it remote control which is very important in many applications. 

The actuator combines the intelligence of electronic servoing with the power density of hydraulic 

actuation. Although the system of smart cylinders is complex, as it allows good precision, but also 

predictability, repeatability and safety, it is surprising that users can be at an average level of 

professional training in the field. This advantage helps users reduce expenses related to the 

professional level of maintenance specialists. 

Smart actuators are complex hydraulic equipment, consisting of cylinder, transducers, electronic 

control block and a suitable computer system. 

The most important advantages of intelligent hydraulic actuators are: 
- It represents a compact assembly with all the components tested by the manufacturers 

- Maximum energy density and adaptation of consumption to demand 

- Permanent and precise position control, speed, force, noise and low leakage. 

- High reliability and minimal maintenance 

- Acceptable price 
The use of intelligent hydraulic actuators is becoming more and more intensive in a wide range of 
industries, from agricultural applications where even the depth of plowing or seeding is controlled, to 
heavy equipment for construction and mining. 
Referred to by many names such as: electronic position-sensing, electro-hydraulic control, intelligent 

cylinders and smart cylinders; this technology utilizes linear transducers (sensors) to communicate 

the cylinder's piston position back to the overall hydraulic system. 

Increased control, functionality and sensor-instrumented cylinders are becoming more important and 
more common in heavy industrial, mobile, and agricultural equipment. 
 

 

Fig. 2. Intelligent hydraulic cylinder [6] 

6.3 Smart sensors 

Sensors provide feedback on output based on factors such as speed, distance, pressure, 
temperature, fluid quality, etc. Sensors help ensure that equipment such as cranes or trailers are 
level. This is useful to confirm that the equipment is stabilized. In addition, position sensors can tell 
the operator when it is safe to move only when the outriggers or outriggers are disengaged. 
Eaton’s LifeSense hydraulic hose includes a sensor that can detect hose failure or problems and 
send a notice through a wireless or wired network, to alert machine operators of impending failure. 
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Fig. 3. Sensors for hydraulic cylinders [7] 

 
The classic linear position feedback solution for hydraulic cylinders is the rod-style magnetostrictive 
sensor installed from the back end of the cylinder. The cylinder rod is gun-drilled to accept the length 
of the sensor probe, and a target magnet is installed on the face of the piston. A hydraulic port on 
the end cap provides installation access to thread in the pressure-rated sensor tube. This type of 
installation carries several advantages but also some potential disadvantages depending on the 
application. 

7. Intelligent hydraulic equipment 

All specialists know that precision in components is needed to minimize losses and ensure that the 
operator gets a "real-time" feel for the operations being undertaken. As a result, intelligent 
instrumentation helps achieve intelligent hydraulic systems that generate highly relevant information 
for the entire machine. 
Intelligent hydraulic systems: 
A typical intelligent hydraulic drive system is based on 4 mandatory subassemblies: (see figure 4). 

1. A hydraulic pump driven by an electric or thermal engine 

2. Pipes, hydraulic steering and control elements, sensors and transducers, filters and auxiliary 

equipment 

3. A linear or rotary actuator. 

4. Electronic control block 
 

 

Fig. 4. Intelligent hydraulic drive system [1] 
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Two important clarifications must be made: 

- Without a modern electronic control there is no intelligent hydraulics, so the computer has 

already become a basic component of the hydraulic system. 

- An intelligent hydraulic system can have centralized intelligence or distributed intelligence on 
components and only a centrally concentrated part 

The intelligent system design methodology is supported by process elements for processing and 
storage, cloud technologies, Internet of Things (IoT), communication technology, machine learning, 
simulation analysis, real data analysis, artificial intelligence and of intelligent components such as 
hydraulic pumps, actuators and sensors. 

8. Conclusions 

Intelligent hydraulics together with artificial intelligence have a superior energy efficiency compared 
to classic drives. At the same time, this modernization will not cause the loss of jobs for operators, 
but will increase the level of knowledge required by the operator. The modernization of the 
components of the hydraulic installations helps to measure the functional parameters in real time, 
and with artificial intelligence the installations can be stopped from operation so that the system does 
not fail completely. 
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Abstract: Lignocellulosic biomass is a renewable and abundant material that can be used as raw material to 
obtain biopolymers. In this paper, the production of carbohydrates from lignocellulosic biomass was 
investigated in order to obtain raw materials for biopolymer production. A technological methodology for 
polylactic acid (PLA) and polyhydroxyalkanoate (PHA) production from lignocellulosic biomass was 
proposed. The autohydrolysis pretreatment of peach orchards leads to carbohydrates separation at high 
temperatures (160, 180, and 200°C) and pressure (80 bar). The effect of pretreatment methods for 
carbohydrate production was evaluated. The structural characterization of lignocellulosic biomass, before 
and after pretreatment, was carried out by reflected light microscopy. 

Keywords: Lignocellulosic biomass, biopolymers, pretreatment  

1. Introduction  

Considering the availability of fossil fuels and their impact on the atmosphere, i.e., the greenhouse 
effect, developing alternative renewable energy becomes imperative for sustainable development. 
Therefore, biomass becomes the major source of “green energy”. Lignocellulosic biomass is an 
abundant source, affordable, renewable, and available in large quantities, which received 
considerable attention as a promising alternative to fossil fuels [1]. Lignocellulosic biomass comes 
from the following sources: crop residues, wood, herbaceous biomass, agro-industrial residues, 
and vegetable waste. In recent years, biofuels and bioenergy production from lignocellulosic raw 
materials was considerably developed. In contrast, the production of chemicals and biomaterials 
from renewable raw materials remains limited [2,3]. The major components of lignocellulosic 
biomass, namely cellulose and hemicellulose, can be converted into bioethanol and bioplastics, 
whereas lignin can be converted into polymers. Cellulose is a complex consisting of 3000 or more 
glucose units, whereas hemicellulose is formed from pentoses (xylose and arabinose), hexoses 
(mannose, glucose, and galactose) and uronic acids. Lignin is a complex polymer consisting of 
three types of precursor alcohols: p-coumaric, coniferyl and p-synapic alcohols [4].   
White biotechnology is an industrial biotechnology for durability, in which microorganisms or 
enzymes are used to produce fuels and chemicals from renewable resources. Biopolymers are 
biodegradable and non-biodegradable (fossil fuel). Biodegradable polymers are cellulose, 
hemicelluloses, polylactic acid, poly succinic acid, polyhydroxyalkanoates, gluten, and algal 
biopolymers [5].  
The main components of lignocellulosic biomass (cellulose and hemicelluloses) need to be 
extracted and subjected to pretreatment and hydrolysis to obtain biopolymers.  
Over the last few years, many pretreatment, hydrolysis, and fermentation methods have been 
developed, but each presents advantages and disadvantages. Most plastics start out as 
hydrocarbons derived from crude oil, the global plastic production extending every year. The 
growing production of petroleum-based plastics has a negative impact on the environment. 
Therefore, bioplastic innovation and research activities, which provide alternatives to conventional 
plastics are needed. In recent years, global innovative biopolymers such as polyhydroxyalkanoates 
(PHA), polyhydroxy butyrate (PHB) and polylactic acid (PLA) have been the most used 
alternatives. The production of biopolymers from lignocellulosic waste consists of four steps:  
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(1) pretreatment for cellulose and hemicellulose separation, (2) hydrolysis to break down the 
molecules of cellulose and hemicellulose in sugars, (3) fermentation of sugars into biopolymers 
(PLA and PHA) by using specific bacteria and (4) a polymerization/polycondensation process [6,7]. 
Lactic acid has two enantiomeric forms: lactic acid L (+) and lactic acid D (-) (Figure 1). 
 

 

Fig. 1. Lactic acid isomers 
 

The strains used for PLA production by microbial fermentation are Bacillus strains, such as 
Lactobacillus, Bavaricus, Casei, Caltaromicus, Salivarius, Carno-bacterium, Enterococcus, 
Lactococcus, Leuconostoc, Pediococcus, Streptococcus, Tetragenococcus, Vagococcus, and 
Weissella [8]. 
Polyhydroxyalkanoates are bioplastics and have a great interest due to their potential to replace 
the fossil plastic. PHAs are biodegradable aliphatic polyesters that have a structure based on 3-
hydroxyalkanoate acid. Due to its composition and polymer nature, PHAs are biocompatible, 
biodegradable, water-insoluble, non-toxic and thermoplastic, which makes them competitive with 
synthetic plastics. The bacterial species used to generate PHAs are: Ralstonia eutropha, 
Aspergillus eutrophus, Cupriavidus necator, Rhodobacter sphaeroides, Wautersia eutropha, 
Pseudomonas sp., Thermus thermophiles, Hydrogenophaga pseudoflava, Haloferax mediterranei, 
Saccharophagus degradans, Bacillus sp., Halomonas sp., Azohydromonas lata, Chromobacterium 
sp., Methylobacterium sp., Azotobacter sp., Burkholderia sp., Zobellella denitrificans, 
Dechloromonas sp., Comamonas sp., Aeromonas sp., Erwinia sp. and E. Coli [9].  
The problem with the use of lignocellulosic biomass in the production of biopolymers is the 
extraction of carbohydrates. Thermochemical or biochemical processes are required to transform 
polymers (cellulose and hemicellulose) from the lignocellulosic biomass structure into monomers. 
The pretreatment method is the most critical step, there are different methods presented in the 
literature [10]. Currently, green techniques are used for the extraction of carbohydrates from 
biomass, such as supercritical fluid extraction, autohydrolysis, and steam-explosion that do not use 
chemicals. 
Therefore, enzymatic hydrolysis and fermentation are the most promising alternative for converting 
lignocellulosic waste into sugars, being also green technologies. Separate hydrolysis and 
fermentation (SHF) and simultaneous saccharification and fermentation (SSF) are two processes 
that can be used for bioplastic production with high yield and low production cost [11]. 
The paper aims to demonstrate the valorisation of lignocellulosic biomass by developing value-
added biobased products through green methods and chemicals, as much as possible. Separation 
of cellulose from lignocellulosic biomass will be performed in order to use it as raw material for 
bioplastics obtainment.  

2. Materials and Methods 

2.1. Chemicals and reagents 
 

All chemicals used were of analytical reagent grade and were purchased from Merck (Darmstadt, 
Germany). All solutions were prepared by using ultrapure water (18.2 MΩcm−1 at 20 °C) obtained 
from a Direct-Q3 UV Water Purification System (Millipore, Molsheim, France). 
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2.2. Sample description  

The lignocellulosic biomass samples were purchased from the Research Station of the University 
of Agricultural Sciences “Ion Ionescu de la Brad” from Iași, farm no. 3 „Vasile Adamachi” 
(Romania). The samples were collected immediately after the cutting operations of peach trees, 
dried and shredded to a diameter of 0.2 mm. 

 

 

 

 

 

 

Fig. 2. Schematic representation of the technological approach of this paper 

2.3 Pretreatment of lignocellulosic biomass 

The pretreatment method was carried out according to our recent publication [4]. Carbohydrates 
were extracted at three different temperatures (160, 180, and 300°C) for 15, 30, and 45 min. At the 
end of the experiments, the solids and liquid samples were collected and separated by filtration. 
Cellulose, lignin, and hemicellulose content was determined according to the reference [12].  

2.4 Structural characterization of lignocellulosic biomass by using reflected light 
microscopy 

The lignocellulosic biomass, before and after pretreatment, was characterized by a reflected light 
microscope (Kern OKN-1, Germany). The microscope is an infinity optical system and has a 50 W 
halogen incident illumination unit. The samples were analyzed by a light microscope at up to 40 x 
magnification.  

3. Results and discussion 

The chemical composition of lignocellulosic biomass (peach orchards) used in this study is 
presented in Table 1. Cellulose is the most abundant component of lignocellulosic biomass (30.8 ± 
0.8%). The moisture content was 10%. The high content of holocellulose (57.1%) recommends the 
peach orchard biomass as raw material for bioplastic production.  
 
                        Table 1: Chemical composition of lignocellulosic biomass (peach orchards) 

Component Amount (%, w/w) 

Cellulose 30.8 ± 0.8 

Hemicelluloses 26.3 ± 0.4 

Lignin 29.5 ± 0.3 

Ash 2.5 ± 0.01 

Extractables 1.3 ± 0.01 
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When synthesizing biopolymers such as PHA and PLA from lignocellulosic biomass, the first step 
is to obtain carbohydrates. The use of autohydrolysis pretreatment for the separation of cellulose 
from lignocellulosic biomass led to hemicellulose solubilized in liquid fraction and cellulose and 
lignin separated in the solid fraction. The separation of biomass components depends on the 
pretreatment method used.  
Pretreatment with water at high temperatures and pressure is an ecological pretreatment that uses 
as solvent only water. The efficiency of the pretreatment depends on temperature, time, and 
pressure. The mechanism involves the formation of hydrogen ions that act as Lewis acids. 
Humidity can generate carbonic acid, which improves the hydrolysis of hemicelluloses in the liquid 
phase [8]. The experiments were carried out at different temperatures (160, 180, and 200°C), 
reaction times (15, 30 and 45 min), and the same pressure (80 bar). The chemical composition of 
the solid fractions resulted after the pretreatment are presented in Figure 3 (a-c). 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 3. (a) Content of cellulose, (b) hemicelluloses and (c) lignin in solid fraction separated after 
pretreatment, at different conditions 

The solid yield of the fraction recovered after pretreatment varied between 55.2 -70.1%. It 
decreased with the temperature increase and reaction time. This is caused by the solubilization of 
the hemicellulose in the liquid fraction. The solid fraction composition was analyzed after each 
experiment to determine the cellulose, hemicellulose, and lignin content. The cellulose content 
ranged from 32.0 to 45.1/100 g of pretreated biomass, while the lignin content ranged from 35.0 to 
48.1/100 g of pretreated biomass. The hemicellulose content decreases with the temperature 
increase and reaction time from 15 min to 45 min. Autohydrolysis pretreatment can separate 
cellulose from lignocellulosic waste, which can be used as a raw material in the production of 
bioplastics. For a maximum efficiency of cellulose, the separation is recommended as a 
pretreatment of lignocellulosic biomass, at a temperature of 180°C for 30 minutes. 
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Structural characterization of lignocellulosic biomass by using reflected light micrographs  

Autohydrolysed biomass has a different texture than untreated biomass. The structure of the 
untreated biomass shows resistance, while the autohydrolysed structure indicates degraded 
biomass after the pretreatment. Untreated biomass structure is rigid and has longitudinal sections 
and a fibrous structure, whereas the treated biomass shows crystalline form. Reflected light 
microscopy confirms the efficiency of the autohydrolysis pretreatment. 

(a) (b) 

Fig. 4. Reflected light micrographs of the: (a) untreated (b) pretreated biomass (180°C, 30 min) 

 
Technological approach proposed  
 
The obtained cellulose could be further used for PLA and PHA production. The technology of 
obtaining PLA from cellulose will contain the following main steps: (i) enzymatic hydrolysis of 
cellulose and simultaneous fermentation with specific bacteria for the production of lactic acid;  
(ii) purification and separation of lactic acid from the fermentation medium; (iii) lactic acid 
polycondensation with the PLA obtainment and (iv) separation and characterization of the obtained 
PLA bioplastic (Figure 5). 
 
 

 

 

 

 

  

 

 

 

 

Fig. 5. Schematic representation of the biosynthetic partway for the production of PLA from lignocellulosic 
biomass 
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The technology of PHA production from lignocellulosic biomass contains the following main stages: 
(i) fermentation with specific bacteria for direct production of PHA, (ii) purification and separation of 
PHA from the fermentation medium and (iii) characterization of the obtained PHA bioplastic. 
 

 

 

 

 

Fig. 6. Schematic representation of the biosynthetic partway for the production of PHA from lignocellulosic 
biomass 

4. Conclusions  

Extraction of carbohydrates from lignocellulosic biomass was performed using an autohydrolysis 
pretreatment. The lignocellulosic biomass used in this study has a high content of cellulose and 
hemicelluloses, recommended as raw material for bioplastics production. Two new technologies for 
bioplastics (PLA and PHA) were proposed.  
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Abstract: The research carried out in this paper aimed to test the operation of an innovative horticultural 
technical system (intelligent equipment) for analysis, prediction and biodynamical action, which is an 
electrically driven equipment intended for spraying and applying phyto-sanitary treatments in a various range 
of crops using an algorithm for weed and diseased plant detection. The experiments conducted focused on 
testing the autonomy and charging time for the system, verifying the power consumption and testing the 
volumetric yield, but also on the algorithm. The results showed good functioning for both the hardware and 
the software parts of the system, encouraging to further the experiments for a larger variety of applications in 
agricultural crops. 

Keywords: Intelligent system, electrically driven, detection algorithm, weed detection, crop maintenance 

1. Introduction  

The "attack" of weeds, diseases and pests implies the reduction of the quantity and quality of 
crops, regardless of their nature (agricultural, horticultural and, why not, forestry). To combat 
diseases, pests and weeds in agricultural crops, pesticides are frequently used, which according to 
their purpose can be: fungicides, used to combat diseases caused by parasitic fungi; insecticides, 
used to fight insects and herbicides, used to fight weeds. The timely, fast and effective application 
of pesticides can save a potentially compromised crop and is crucial in modern agriculture [1,2]. 
From the complex of works that make up the maintenance technology of agricultural and 
horticultural crops, the works for combating diseases and pests have a special significance for the 
quantity and quality of production. It can be estimated that production losses due to diseases and 
pests can reach up to 35%, and in some cases, production can be completely compromised. 
Reducing production losses per hectare is possible only within the framework of integrated control, 
the method in which chemical treatments occupy the most important place [3]. 
Machines and equipment for the application of treatments ensure the optimal use of protection 
products, minimize the risks for the crop, man and the environment, intervene quickly where 
necessary and as often as necessary, they can apply emulsions, solutions or suspensions of 
chemical products, the application is made in the form of drops small for maximum coverage 
effectiveness can be applied before, during or after sowing [4]. 
Currently, hydraulic sprayers, pneumatic sprayers, mechanical sprayers and hydro-pneumatic 
combined sprayers are used. In general, a spraying machine consists of: the frame of the machine; 
liquid tank; hoses and liquid transport pipes; the filtration system; liquid pump(s); liquid agitators 
(homogenizers); the command group with control, dosing and distribution equipment; the spraying 
boom with the spraying equipment; various auxiliary equipment (for washing, preparation of 
solutions, etc.) [5]. 
Agricultural machines can be equipped with different equipment that allows them to be automated, 
and they can be handled as easily as possible. Such equipment can be the GIS localization 
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systems and the machine vision systems that promote efficient coordination and guidance of 
machines [5,6,7]. 
Also, new technologies are based on the use of modern sensors that remotely transmit valuable 
information that can prevent the appearance of diseases of agricultural crops. An important 
application in this regard are unmanned aircraft systems (UAS) that can be equipped with optical 
sensors (e.g., multispectral, thermal, hyperspectral cameras, etc.), which provide high-precision 
data about the field of interest (identification of plant diseases, weed recognition, terrain mapping, 
etc.) [8]. 
Automatic intelligence (machine learning) is an essential element in precision agriculture, it is used 
in the processing of data generated by detection systems, using different statistical and 
mathematical models. The fields of application of automatic intelligence in agriculture are diverse, it 
can be used in crop prediction, species identification, pest recognition, soil moisture and 
temperature estimation, etc. [9,10,11]. 
The paper presents the experimental research conducted on innovative horticultural technical 
system of analysis, prediction and biodynamic action, both from a mechanical point of view and for 
its the capacity to analyse crops and distinguish weeds from plant crops in order to perform 
treatments. 

2. Material and methods 

The experimental model of innovative horticultural technical system (intelligent equipment) for 
analysis, prediction and biodynamical action is an electrically powered equipment intended for the 
distribution of phyto-pathological treatments for onion, carrot, potato, parsley, parsnip, and celery 
crops. Being powered by electricity, it can be used without restrictions both in closed spaces and in 
open spaces. The drive wheels are placed on the rear axle. 
The experimental model of innovative horticultural technical system (intelligent equipment) for 
analysis – Figure 1, prediction and biodynamical action if composed of: 
1. SME electrically operated mobile structure; 
2. DSP dosage system and biological protection of plants. 
The system it is equipped with a KIT of hardware-software system, neural network for automatic 
control of its functionality. 
 

 

Fig. 1. Experimental model of innovative horticultural technical system (intelligent equipment) for analysis, 
prediction and biodynamical action 

 
The main technical characteristics of the experimental model of the innovative horticultural 
technical system (intelligent equipment) for analysis, prediction and biodynamical action are: 
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Table 1: Main system characteristics 

Characteristic M.U. Value / characterization 

Rear wheel track mm 1320 

Wheelbase  mm 2600 

Electric drive motor kW 12 

li-ion battery Vcc 96 

Solution tank capacity l 400 l  

Tank material - glass fiber reinforced resin 

Pump motor kW 3 

Maximum flow rate of the pump l /min 86 l/min 

Maximum working pressure bar 20 bar 

Line filter - 
with self-cleaning and discharge based 

on hydraulic agitator 

Agitation system - with hydraulic agitator  

Boom length  m 8 

No. boom sections - 3 

Nr. Port-nozzles - 31 

Pressure and flow regulator - 3-way  

Clean water tank capacity for the human operator l 10 

Solution indicator - through transparency 

Platform structure - steel, galvanized 

 
The tests for the innovative horticultural technical system (intelligent equipment) of analysis, 
prediction and biodynamic action, were carried out under the following conditions:  
- the land used was cultivated agricultural land and the test track which is a flat surface covered 
with concrete, 
- air temperature: 23.1 °C; 
- air humidity: 45%; 
- wind speed 0.6 m/s. 
The charging time of the batteries was measured with the help of a multimeter and a timer but also 
with the help of the communication interface with the PC connected to the BMS. The charging 
times corresponding to the three power regimes were determined. 
The movement speed is determined by calculation, timing the time required to cover the distance 
of 50 m. Three measurements were made, reporting the average of the measured data. The speed 
is calculated with the formula: 
 𝑉 = (3.6 𝑥 𝑑)/𝑡 [km/h]     (1) 
 
where: V – movement speed [km/h]; 

 d - travelled distance [km]; 
 t - travel time [s]. 

 
Determination of electricity consumption from the network 
The power absorbed (P) from the network is measured, then the electrical energy 

consumed (W) is calculated with the formula: 
 𝑊 = (𝑃 𝑥 𝑡)/3600 [kWh]    (2) 

 
where: P - is the power absorbed from the network [kW]; 

t - operating time [s]. 
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The charging energy that ends up being stored in the battery is determined by a charger efficiency 
coefficient (µ). 

 𝑷𝒃 = 𝑊 𝑥 𝜇        (3) 
 
where: Pb - is the energy with which the battery is charged; 

W – consumed energy, [kW]; 
µ - the efficiency coefficient of the charger [0.93]. 

 
The flow rate of the pump was determined by the volumetric method at the input speed of 540 rpm. 
The liquid discharged by the pump was captured through the hoses that lead it to the boom for 1 
minute in a vessel and was measured with capacity units from the laboratory's equipment. The 
tests were performed at a pressure of 2 bar. 
The volumetric yield of the pump was determined by calculation using the relation: 
 𝜼𝒗 = 𝑄𝑟/𝑄𝑡   𝑥 100 [%]      (4) 
 
where: Qt = the real flow rate of the pump [l/min]; 
 Qr = the theoretical flow [l/min]; 

 Qt = ø2 / 4 sni – where: 
    Ø = (interior) pump cylinder diameter [dm]; 
    s = piston stroke [dm]; 
    n = pump crankshaft speed [rot/min]; 
              i = number of pump cylinders (i=3). 
 
Image classification is a key component in the field of artificial vision algorithms to develop 
applications such as: surveillance, traffic monitoring, collision avoidance, face recognition, 
augmented reality, eye tracking, medical imaging, agricultural industry, etc. The evolution of 
cameras on the market and the emergence of new cameras requires the development of new 
algorithms that produce similar results, regardless of camera brand, in the same quality class. The 
artificial vision algorithm testing procedure must take into account testing on different cameras but 
also in specific situations that appear in reality.  
The algorithm proposed for the intelligent system is running on the laptop which processes the 
data from the camera. Depending on whether weeds are detected, the command is sent to the 
Arduino control board, which controls the relays to operate the spray heads. 
The recognition process takes about 100 - 50 ms per image (or 10 - 20 fps) to detect a weed target 
before a new image is captured and is ready for processing, which allows the data to be processed 
to enable command in real time for real situations. 
To test the robustness of the algorithm, 4 cameras were tested, one of them - Eboda Sj6100, being 
the adventure camera with angle of view. The camera used is a LOGITECH HD Pro C920 Web 
camera, but to test the robustness of the developed algorithm, the Eboda Sj6100, VHD J1702C 
and Microsoft LifeCam HD-3000 Web cameras were also used, only for a limited set of tests. 
 

  

Fig. 2. Cameras used  
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3. Results 

The results obtained from the measurements performed for the charging times are presented in 
table 2. 
 

Table 2: Charging time of the system 

No. Characteristic M.U. 
The value of the parameters determined 
during testing the 96 Vdc battery of the 
mobile structure electrically operated  

1. 220V 6A power supply hours 5.6 5.8 5.6 

2. 220V 16A power supply hours 2.07 2.09 2.05 

3. 220V 32A power supply minutes 59 58 58 

No. Characteristic U.M. 

The value of the parameters determined 
during testing the 48 Vdc battery of the 

dosing system and biological protection of 
plants 

1. 220V 6A power supply hours 2.8 2.7 2.8 

2. 220V 16A power supply minutes 63 61 63 

3. 220V 32A power supply minutes 33 32 33 

 
The results obtained from the determination of the travel speed are presented in table 3. 

 
Table 3: Movement speed results 

No. Characteristic M.U. Maximum speed Average speed  

1. Calculated speed km/h 25.3 24.6 

 
 
The results obtained from the determinations for the consumed energy and for the stored energy 
are presented in table 4. 
 

Table 4: Consumed energy and the stored energy registered for the system 

No. 
Characteristic 96 Vdc battery of the 

mobile structure electrically operated 
M.U. 

Consumed energy 

[W] 

Stored energy 

[W* µ] 

1. Energy consumed at 220V 6 A kWh 1320 1227 

2. Energy consumed at 220V 16A kWh 3520 3273 

3. Energy consumed at 220 V 32 A kWh 7040 6547 

No. 
Characteristic 48 Vdc battery of the 

dosing system and biological protection 
of plants 

M.U. 
Consumed energy 

[W] 

Stored energy 

[W* µ] 

1. Energy consumed at 220V 6 A kWh 1320 1227 

2. Energy consumed at 220V 16A kWh 3520 3273 

3. Energy consumed at 220 V 32 A kWh 3612 3360 

 
 
The innovative horticultural technical system (intelligent equipment) of analysis, prediction and 
biodynamic action was also tested in the field (figure 3), with all the microvalves turned on in the 
MANUAL working mode, being equipped with foliar fertilization nozzles and being used for the 
application of ecological fertilizer in a green crop. The purpose of the experiments was to verify the 
machine's functionality in the field, its autonomy and its behaviour under maximum load. 
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Fig. 3. Innovative system - field experiments with fertilization nozzles 
 
Table 5 shows the data corresponding to the autonomy of the intelligent system with a single 
battery charge of 6.7 kWh. The productivity of the spraying work was calculated using actual 
working speeds measured during the experiments and the 8 m working width of the machine. Also, 
the total area was calculated as the productivity of the spraying work multiplied by the autonomy of 
the machine, considering the assumption of working in a straight line, without taking into account 
the time required to turn the machine at the end of the field. 
 

                                                     Table 5: Autonomy of the intelligent system 

Work 
Autonomy of the 

electrically operated 
mobile structure, h 

Autonomy of the 
dosing system and 

biological protection 
of plants, h 

Movement 3.00 - 

Foliar 
fertilization/phytosanitary 

treatments 
2.5 2.5 

 
The results obtained from the determinations for the volumetric yield are presented in table 6. 
 

Table 6: Autonomy of the experimental model 

Pressure 

(bar) 

Flow at the pump 

(l/min) 

Measurement 
uncertainty 

Volumetric yield (%) Measurement 
uncertainty 

2 
R1 R2 R3 Average    

28.3 28.1 27.6 28 0.42 l/min 17.85 0.42 % 

 
The hardware system together with the software system and the developed neural network form a 
hardware-software system - KIT, neural network for the experimental model of innovative 
horticultural technical system (intelligent equipment) of analysis, prediction and biodynamic action 
which has the role of monitoring, analysis and control for the experimental model of innovative 
horticultural technical system (intelligent equipment) of analysis, prediction and biodynamic action 
of dosage and biological protection of plants. 
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The verification of the system functionality was done in the manual operating mode, starting and 
stopping each microvalve individually through the graphical user interface. The continuity of the 
electrical control circuits, the hydraulic circuits of the sprinkler system, the functionality of the 
microvalves, as well as the communication between the PLC and the touchscreen operating 
terminal were thus verified. 
After testing, in laboratory conditions, (constant brightness) the false-positive detection situation for 
the cultivated plant, at different rotations, the result was that the algorithm has 100% accuracy for 
the same plant. 10 different plants were tested for 12 rotations for each plant. It shows from here 
that the positioning does not lead to false-positive cases. 

 

  

Fig. 4. a) Placement of the scene in laboratory 
conditions 

b) scene filmed by the camera 

 
 
The algorithm tested for weeds recognition showed a similar precision, with very small differences, 
which is considered to be due to the positioning of the plants due to natural wind conditions and 
due to the appearance of the focusing phenomenon when the cultivated plant is very close to the 
camera. The Eboda Sj6100 type camera presented a lower detective rate because of the distortion 
errors, due to the large viewing angle, but this case really shows the robustness of the algorithm. 

4. Conclusions 

From the tests carried out, the following can be stated: 
- the system registered good charging times for power supplies of 220V 16A and 220V 32A both 
for the 96 Vdc battery and for the 48 Vdc battery; 
- the system has similarly good autonomy, that can be translated into good crop coverage in one 
pass with one battery charge; 
- the detection algorithm works even if the camera takes information above the plant or above the 
interval between crop rows, in different situation, the results being less conclusive during night-
time, due to the different characteristics of artificial lighting. 
- the volumetric yield registered good values, similar to those of conventional spraying machines; 
- the system is a viable ecological solution for crop maintenance in terms of fertilization and 
treatment application, being suitable both for conventional and organic crops. 
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