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Abstract

:

The hydraulic system is a key component of intelligent forestry harvesters. In the testing of a forestry harvester, researchers need to analyze the operating efficiency and energy consumption of the forestry harvester based on the pressure and flow rate data in the hydraulic system of the forestry harvester and formulate energy-efficient control strategies. In order to enable researchers to monitor and extract the parameters of the hydraulic system of an intelligent forestry harvester in real time, this paper designs a hydraulic online monitoring system for forestry harvesters based on the LabVIEW 2019 software platform. This system realizes the following functions by reading the CAN (controller area network, a serial communication protocol for multi-host localized networks) bus of the harvester: (1) it collects and stores hydraulic system pressure, flow, and other data and displays the value curve in the system interface in real time, and (2) it monitors the control signals received by the hydraulic system and displays the control signal status and value received by the system interface in real time. This paper used this system to carry out on-site testing of an actual machine, and compared and analyzed the online monitoring data of the hydraulic system and the theoretical pressure data of the main hydraulic valve manifold. The average value of the relative error between the two was 1.65%, and the maximum value of the relative error was 2.75%. The results show that the designed system has good accuracy and stability, and can effectively realize online monitoring of the working status of the hydraulic system of forestry harvesters during their operation.
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1. Introduction


Precision forestry is rapidly evolving as a result of the continuous advancement of modern measurement and control technology [1]. In precision forestry, the monitoring of harvesting operations using smart technologies is referred to as precision forestry harvesting [2]. Harvesters are key machines for forest harvesting operations, and their operational efficiency, environmental impact, and operational safety affect the economic sustainability, environmental sustainability, and social sustainability of forest harvesting operations [1,2,3,4]. Therefore, it is necessary to utilize advanced electronic systems and measurement and control instruments to monitor harvester operations and obtain reliable data on harvester operations.



In past studies, different smart technologies have been used to monitor harvester operations and to assess the harvester’s operational efficiency, environmental impact, and operational safety. For example, Bacescu et al. [5] utilized a fleet management system to extract engine data and harvesting operation data from the CAN bus and StanForD, respectively, to evaluate the energy consumption and productivity of a forestry harvester. Eriksson et al. [6] extracted a large amount of harvester operation data from the CAN bus and StanForD to develop a prediction model for harvester productivity. Ala-Ilomäki et al. [7] evaluated the passability of harvester operation paths by analyzing harvester CAN bus data. Spencer et al. [8] designed a remote-communication-enabled CAN bus communication interface. Wempe et al. [9] utilized GNSS for harvesting operators to share their positions with each other for the safety of the operators. Kaartinen [10] used IMU technology in combination with GNSS to improve the accuracy of the harvester’s localization in a forest area. The monitored harvesting machines in the above studies were all operated by drivers, and long hours of operation and complex operating environments can cause drivers to enter a state of fatigue, which affects the efficiency of the harvesting operation and leads to an increase in the cost of the operation and a decrease in the safety of the operation [11]. The use of machines instead of people can significantly reduce operating costs and safety risks, both in terms of economic efficiency and safety [12]. Taking into account the latest advances in Industry 4.0, researchers have reached a consensus on the future direction of forestry harvesters: to realize remote and unmanned operation [13]. This agreement further increases the importance of monitoring forestry harvester operations and also places new demands on monitoring forestry harvester operations: monitoring every step of the harvester’s movements during operation in real time. A number of intelligent monitoring tools have been applied to different devices. Amer et al. [14] designed a jasmine flower picker, which uses a depth camera to locate the position of the target flower and detects the position of the gripping arm. Xiaoli Zhang et al. [15] used vibration sensors and a Bluetooth module to monitor vibration signals from machine tool spindles in real time. John Deere’s development of the intelligent boom control realizes computer autonomous control of robotic arm movement to deliver the harvesting head to the harvesting target [16].



In China, mechanized harvesting operations started late, with harvesting machines being used to perform harvesting operations only in 2006. Most forest operators use a hydraulic excavator chassis equipped with second-hand harvesting heads imported from abroad with a low degree of informatization to conduct harvesting operations, and intelligent forestry harvesting machines with independent intellectual property rights are still in the testing stage [17]. The above reasons have led to low economic efficiency, high safety risks, and high maintenance costs of mechanized harvesting operations in China, as well as increasing the difficulty of monitoring harvesting operations.



LabVIEW is graphical programming software that not only simplifies software programming and improves software development efficiency but also has a more vivid and graphic user interface. This software has more complete functional attributes and industry-leading analysis capabilities and can be used to design instruments’ communication methods and sampling modules, and to realize synchronous connection with other applications that are widely used in R&D and testing, such as external devices and sensors, according to the needs.



The main objective of this work is to design a hydraulic online monitoring system applicable to intelligent forestry harvesters independently developed by China, and to monitor the operation status of the harvester in real time through this system, so as to promote the independent development of mechanized harvesting operations and harvesters in China.




2. Materials and Methods


2.1. Subsection System Structure and Principle


The system designed in this article consists of an upper computer data monitoring system and a lower computer data acquisition system. The system structure principle is shown in Figure 1. The lower computer is responsible for collecting hydraulic sensor data of the harvesting machine and uploading the data to the CAN bus of the harvesting machine. The upper computer is connected to the CAN bus through a CAN analyzer. The upper computer program reads and stores the hydraulic sensor data and harvesting machine operation data in real time from the CAN bus and displays the changes in these data in the program interface in real time.




2.2. System Hardware Selection


Considering different testing scenarios and requirements, this article selected two types of upper computers equipped with the Windows 10 operating system: portable computers and a vehicle-mounted computer. The vehicle-mounted computer mentioned in this article refers to the vehicle-mounted touch panel computer model AOC-30F used in China’s self-developed forestry harvesters, which has a built-in CAN bus communication module and a reserved CAN communication interface, so that the vehicle-mounted computer can be connected to the CAN bus simply by wiring it according to the manual. Portable computers need an additional CAN communication module. This paper chose Chuangxin Technology’s CANanlyst-II analyzer. This device has a two-way CAN channel, and each CAN channel is integrated with independent electrical isolation protection and anti-interference ability, with stable, reliable portable computer access to the CAN bus, to achieve the connection of the CAN protocol communication.



The lower computer is the EPEC2024 controller used in harvesters. EPEC2024 is the third-generation CAN control module developed by EPEC Finland, which can work for a long time in harsh environments such as high vibration, large temperature changes, and humidity.



The controller module is embedded with the CAN bus communication module, which comes with CANopen and CAN2.0 bus interfaces. When connecting the CAN bus, it is only necessary to connect the CAN bus to the corresponding pins of the controller and set its node number, so as to realize the mutual communication of the controllers on the CAN bus. The controller has an internal A/D conversion circuit that supports the acquisition of analog signals no higher than 5 V or 22.5 mA. In addition, the controller can provide 5 v and 12 v DC power to the sensor.



Figure 2 shows where the hardware used by the system is mounted on the harvester and how the hardware components interrelate with each other.




2.3. System Software Design


This section describes, in detail, the design ideas and functions of the upper computer program and the lower computer program.



2.3.1. Lower Computer Programming


The main task of the lower unit EPEC2024 controller is to collect and forward sensor data. The A/D converter circuit inside the controller can convert the analog signal returned by the sensor into UINT-type data and send these data to the CAN bus. In this paper, the lower computer program is designed based on codesys2.1 software, and the program flowchart is shown in Figure 3.



The lower computer needs to execute the CANopen initialization code each time it is powered on and confirm the ID of the CAN message sent by the lower computer and the data bit of the data in the CAN message according to the communication protocol in the initialization code. The program is shown in Figure 4 and Figure 5.



The AI signal acquisition channel of the lower computer has two input modes, namely, high-impedance voltage input and low-impedance current input, and each channel has a separate data storage address inside the register. The lower computer determines the input mode of the AI pin by executing the mode recognition function. The program is shown in Figure 6 and Figure 7.



The lower computer sends the collected sensor data to the upper computer via the CAN bus in real time by executing the above program.




2.3.2. Upper Computer Programming


The upper computer program is developed based on the LabVIEW platform, which is responsible for displaying the hydraulic sensor data and the operation of the forestry harvester during operation in real time and storing these data in the computer. The program flowchart is shown in Figure 8.



	
Human–computer interface.






LabVIEW software provides controls similar to those of traditional instruments, such as dashboards, waveform graphs, thermometers, pointer sliders, and switches with status alerts. This paper utilized these controls to design an upper computer human–computer interface through which the researcher can directly observe the real-time changes in the pressure data during the operation of the forestry harvester, as well as the operations being performed by the harvester.



The interface consists of two parts: the first part is used to display the real-time changes in the hydraulic pressure, temperature, and flow of the harvester, and it integrates the functions of CAN communication parameter setting, data storage, and closing the software, as shown in Figure 9; the second part describes the operation being executed by the harvester by displaying the control commands and control signal values received by the harvester, as shown in Figure 10.



	
Initialization of CAN analyzer.






In this paper, CANOPEN VI is used in the program to perform the initialization task. CANOPEN VI receives the working parameters configured by the system user for the CAN analyzer, such as the baud rate, acquisition channel, device model, and working mode, and makes them available for its internal functions to call. This VI calls a total of three functions internally, which are derived from the function library provided by the CAN analyzer manufacturer. The VCI_OpenDevice function is used to open the CAN analyzer, the VCI_InitCan function is used to initialize the specified CAN channel, and the VCI_StartCAN function is used to start the specified CAN channel. The three functions will generate three return values when called, namely, 1, 0, and −1: 1 means a successful operation, 0 means a failed operation, and −1 means the CAN analyzer does not exist or has been dropped. In the implementation of the initialization task, the program will call the above three functions in turn. For the first call of the VCI_OpenDevice function, if the return value of this function is 1, the program can continue to call the VCI_InitCan function. The same can be seen in the call conditions of the VCI_StartCAN function. The program is shown in Figure 11.



When the return value of all three functions is 1, it means that the CAN analyzer is initialized successfully; at this time, CANOPEN VI will send out a Boolean signal with the value of “TRUE”, which is sent to the next conditional structure and the communication status prompt control in the human–machine interface, informing the system user that the system can work normally. This signal is sent to the next condition structure and the communication status alert control in the HMI, informing the system user that the system can work normally. If the initialization fails, the value of the Boolean signal issued by the VI is “FALSE”; at this time, the HMI will show a dialog box with “CAN module open failed!”. At the same time, the program will call the VCI_CloseDevice function to close the CAN analyzer. The CAN analyzer initialization program is shown in Figure 12.



	
Receiving and processing data.






CANOPEN VI will send the Boolean signal to determine the initialization status of the CAN analyzer and the device operating parameters to the data reception processing program, which is shown in Figure 13.



This part of the program first determines whether the CAN analyzer is initialized successfully. If the device is initialized successfully, the working parameters of the device will be fed to CANRECEIVE VI. CANRECEIVE VI reads the data from the receive buffer of the CAN channel specified by the system user by calling the VCI_Receive function and outputs the received CAN information in the form of a one-dimensional array of frames. If the received information frame is not null, the program will use a for loop to process the information frame. First, the program extracts the ID and data array of the information frame and feeds it to the communication protocol parsing VI (READ COMMUNICATION PROTOCOL VI in Figure 13). Then, the COMMUNICATION PROTOCOL VI reads the communication protocol file internally and filters and extracts the ID and the data corresponding to this ID that the program needs according to the communication protocol. Finally, the program converts the data array and assigns the processed values to the controls in the HMI.



	
Data storage.






SAVE DATA VI is used to save processed data in real time and generate an Excel file in the program path. The data save program uses a while loop and a conditional structure that is used to determine whether to execute the data save task or not. The program architecture is shown in Figure 14.






3. Tests and Analyses


3.1. System Reliability Test


This test is used to verify the reliability of the hydraulic online testing system designed in this paper in terms of the measurement data. First, the tester connected the hydraulic valve manifold to the hydraulic station and installed pressure sensors and flow sensors on the valve manifold. Then, the system test platform was built, and the system hardware was connected within the CAN bus with signal cables. Finally, the main pump of the hydraulic station was started, and the test began. In this paper, six different flow output values, namely, 80, 100, 120, 150, 180, and 200 L/min, and six different pressure output values, namely, 5, 8, 10, 12, 15, and 20 Mpa, were selected. Each output value was repeated 10 times, and the measurement results were recorded. The test site is shown in Figure 15, and the test data are shown in Table 1 and Table 2.



According to Table 1 and Table 2, it can be seen that the deviation of the data measured by the system from the output value of the hydraulic station is within ±0.3 MPa and ±1.7 L/min, the deviation of the average value of the measured data from the output value of the hydraulic station is within ±0.1 MPa and ±0.55 L/min, and the relative standard deviation of the measured values of the pressure and flow rate is within 2.1% and 0.6%, respectively. The results show that the hydraulic online inspection system designed in this paper is reliable in data measurement.




3.2. Real Machine Tests


The tests in this section were conducted to verify the stability of the hydraulic online monitoring system, which was installed on a forestry harvester developed in China. The forestry harvester, when unloaded, performs the opening and closing of the upper sprigging knife, the opening and closing of the feed roller cylinder, and the elevation of the machine according to the signal values specified by the tester. When the forestry harvester performs the above actions, the system will collect and store the pressure and flow data of its hydraulic system. The machine used for the test is shown in Figure 16. The signal values specified by the tester during the test are shown in Table 3 and Table 4.



In this test, the continuous operation time of the online monitoring system designed in this paper was more than 4 h, and there were no hardware device drops, CAN communication reporting errors, etc.



During the test, the researchers measured the main oil circuit pressure of the hydraulic system of the forestry harvester 10 times using a pressure gauge, combined it with the theoretical value of the main oil circuit pressure provided by the factory report of the valve group, and compared it with the pressure data collected by the system at the same moment. The results are shown in Table 5.



From the data in the table, it can be seen that the main oil circuit pressure value collected by the system is closer to the theoretical pressure value in the factory report of the valve group, and the measurement results are more stable. The reason for the higher artificial measurement value may be that the hydraulic gauge used in the test process has a zero-point error, resulting in large artificial reading results. The test results show that the hydraulic online monitoring system designed in this paper has good stability.




3.3. Data Acquisition Results


This section is used to show graphs derived from some of the data collected by the system during the test and to explain the information contained in the graphs.



Figure 17 shows the variation in the main oil circuit pressure and the elevation oil circuit pressure when the harvester executes the elevation action under different signal values. The vertical co-ordinate in the figure is the pressure in megapascals; the horizontal co-ordinate is the time in seconds, and in this paper, the moment when the elevation signal is sent to the CAN bus is taken as the 0 point of the horizontal co-ordinate. The sign that the valve plate of the elevation oil circuit has received the control signal is that the pressure of the main oil circuit begins to drop slowly; at this time, the head of the harvester is in the pitching down state, as shown in Figure 16 in Section 3.2. The elevation oil circuit uses a proportional solenoid valve; the smaller the value of the signal received by the valve plate, the smaller the degree of opening of the oil holes inside the valve plate, which is the reason why the elevation oil circuit pressure in Figure 17a is slow to rise. The pressure value fluctuation in Figure 17b is large, indicating that the execution of the elevation action is not smooth, and there is an obvious stutter. At the end of the data curve presented in Figure 17b–e, there is a small fluctuation in the elevation oil pressure, and the pressure value is around 15 MPa after the fluctuation ends, which is the sign of the completion of the elevation action. The larger the signal value, the faster the completion of the elevation movement; when the signal value is large to different extents, the completion times of the movement are very different, as shown in Figure 17f.



Figure 18 shows the harvester performing the feed roller cylinder closing action, where the hydraulic system main oil circuit pressure and feed roller cylinder closed oil circuit pressure flow change. The second set of data from Table 4 in Section 3.2 was chosen for the signal values. The feed roller cylinder closed oil circuit is equipped with an electronically controlled pressure adjustment valve, which is a proportional valve. The greater the value of the signal received by the pressure adjustment valve, the greater the pressure in the cylinder closed oil circuit. The purpose of this method for the harvester is to protect the timber from the teeth of the feed rollers. If the rollers use a high pressure to nip the trees during the harvesting operation, the roller teeth will go through the bark and leave teeth marks on the wood, resulting in a less economical harvesting operation. In Figure 18, the 0 point is shown in the horizontal co-ordinates, which also applies to Figure 17, and the vertical coordinates are the pressure and flow rate, for which the units are MPa and L/min. When the feed roller cylinder is ready to start the action, the pressure of the main oil circuit drops slightly, and the flow rate of the cylinder closed oil circuit rises slowly and then sharply. When the signal value of the pressure in the electronically controlled pressure adjustment valve is too low, it cannot intuitively feel the change; when the signal value is large enough, the pressure of the cylinder closed oil circuit follows the slow increase in the flow rate, as shown in Figure 18a–c. When the feed roller completes the closing action, the pressure inside the oil circuit rises suddenly, as shown in Figure 18d–f. While the feed roller remains closed, the electronically controlled pressure adjustment valve adjusts the pressure inside the oil circuit according to the size of the received signal value. If the current pressure value is appropriate, the pressure adjustment valve opens the oil hole to unload the hydraulic oil in the oil circuit, as shown in Figure 18a–f. If the current pressure value is not up to standard, the pressure adjustment valve keeps the oil hole closed until the pressure value reaches the pressure requirement, as shown in Figure 18g–i.





4. Conclusions


1. In this paper, the reliability and stability of the hydraulic online monitoring system is verified in the field test, from two aspects of data acquisition and system operation. In the hydraulic station test, the relative standard deviation between the pressure and flow output values and the measured values was within 2.1% and 0.6%, respectively. In the field test, the relative error between the theoretical and measured values of the main oil circuit pressure was 1.65% on average, and the maximum relative error was 2.75%. During the on-site test, the system was used for 4 h, and there were no phenomena such as equipment dropping, communication errors, and software lagging.



2. In the field test, the pressure and flow data in the hydraulic circuit of elevation were collected when the harvester executed the elevation action under different control signal values. The pressure and flow data in the hydraulic circuit of feed roller cylinder closing were collected when the harvester performed the feed roller cylinder closing action under different values of the pressure control signal. The reasons for the changes in the pressure and flow values were analyzed and explained, and the times for the completion of the action execution were compared. The results show that hydraulic data can be used to monitor the operation state of harvesters and reflect the execution of the action in real time. Furthermore, hydraulic data can provide data support for researchers to study more efficient and energy-saving control strategies and optimize and improve the mechanical structure of harvesters after integrating the control signals and other data.
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Figure 1. System structure schematic diagram. The bold text in the figure indicates the core hardware devices of the system. 
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Figure 2. Hardware installation diagram of the system. 
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Figure 3. Flowchart of the lower computer program. 
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Figure 4. CANopen initialization program for the lower computer. 
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Figure 5. CANopen initialization program for the lower computer. 
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Figure 6. Defining the operating mode of the AI signal acquisition channel: 0 for high-impedance voltage input, and 1 for low-impedance current input. 
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Figure 7. Storing data in a register address and defining the data type. 
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Figure 8. Flowchart of the upper computer program. 
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Figure 9. Program front panel hydraulic data display interface. 
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Figure 10. Program front panel harvester operation data display interface. 
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Figure 11. CANOPEN VI internal function calling program. 
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Figure 12. CAN analyzer initialization program: (a) initialization succeeded; (b) initialization failed. 
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Figure 13. Program for receiving and processing CAN data. 
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Figure 14. Architecture of the data retention program. 






Figure 14. Architecture of the data retention program.



[image: Forests 14 02100 g014]







[image: Forests 14 02100 g015] 





Figure 15. Experimental site. 
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Figure 16. Harvester used in practical tests. 
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Figure 17. Changes in tilt-up operation pressure and changes in main circuit pressure: change in main oil circuit pressure and pitch-up oil circuit pressure during elevation movement with a (a) control signal value of 28; (b) control signal value of 32; (c) control signal value of 36; (d) control signal value of 40; and (e) control signal value of 44. (f) Time to complete the elevation motion for different opening values. 
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Figure 18. When the harvester performs the feed roller closing action, the main oil circuit pressure and the feed roller closing oil circuit pressure and flow change: (a) pressure-regulating valve signal value of 0; (b) pressure-regulating valve signal value of 10; (c) pressure-regulating valve signal value of 20; (d) pressure-regulating valve signal value of 30; (e) pressure-regulating valve signal value of 40; (f) pressure-regulating valve signal value of 50; (g) pressure-regulating valve signal value of 60; (h) pressure-regulating valve signal value of 70; (i) pressure-regulating valve signal value of 80. 
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Table 1. Pressure test data.






Table 1. Pressure test data.





	
Data Name/Data Group

	
Group I

	
Group II

	
Group III

	
Group IV

	
Group V

	
Group VI






	
Output value of hydraulic station (MPa)

	
5

	
8

	
10

	
12

	
15

	
20




	
System measured values (MPa)

	
4.9

	
8.2

	
10.1

	
12.1

	
14.8

	
20.2




	
5.1

	
8

	
9.9

	
11.9

	
14.9

	
20.3




	
5.0

	
8.1

	
9.8

	
11.8

	
15.1

	
19.8




	
5.1

	
7.9

	
10.1

	
12.1

	
14.7

	
20.1




	
5.0

	
8

	
10.2

	
12.0

	
15.0

	
19.9




	
4.8

	
7.9

	
9.9

	
12.3

	
15.1

	
20.1




	
4.9

	
8.1

	
10.1

	
11.9

	
14.9

	
19.8




	
5.0

	
8

	
9.9

	
12.1

	
15.2

	
20.3




	
4.9

	
8.2

	
10.0

	
11.8

	
14.9

	
19.9




	
5.1

	
8.1

	
9.7

	
12.2

	
15.1

	
20.2




	
Average value (MPa)

	
4.98

	
8.05

	
9.97

	
12.02

	
14.97

	
20.06




	
Standard deviation (MPa)

	
0.1033

	
0.1080

	
0.1567

	
0.1687

	
0.1567

	
0.1955




	
Relative standard deviation (%)

	
2.07

	
1.34

	
1.57

	
1.40

	
1.05

	
0.97











 





Table 2. Flow test data.






Table 2. Flow test data.





	
Data Name/Data Group

	
Group I

	
Group II

	
Group III

	
Group IV

	
Group V

	
Group VI






	
Output value of hydraulic station (L/min)

	
80

	
100

	
120

	
150

	
180

	
200




	
System measured values (L/min)

	
80.2

	
101.2

	
119.7

	
148.7

	
181.4

	
201.2




	
80.5

	
100.8

	
120.6

	
149.5

	
180.7

	
200.5




	
80.1

	
101.1

	
120.3

	
149.4

	
181.1

	
201.7




	
80.3

	
99.8

	
121.2

	
150.2

	
181.9

	
200.3




	
79.9

	
100.4

	
120.9

	
150.6

	
180.3

	
199.7




	
79.7

	
100.1

	
120.1

	
150.1

	
179.6

	
198.9




	
80.1

	
99.6

	
120.5

	
149.9

	
179.8

	
200.6




	
79.8

	
100.9

	
119.8

	
150.8

	
180.6

	
200.9




	
80.3

	
100.6

	
119.8

	
151.2

	
180.2

	
199.6




	
79.6

	
100.3

	
121.1

	
151.5

	
179.8

	
201.2




	
Average value (L/min)

	
80.05

	
100.48

	
120.4

	
150.19

	
180.54

	
200.46




	
Standard deviation (L/min)

	
0.2915

	
0.5391

	
0.5517

	
0.8621

	
0.7516

	
0.8579




	
Relative standard deviation (%)

	
0.36%

	
0.54%

	
0.46%

	
0.57%

	
0.42%

	
0.43%











 





Table 3. Signal values used for the action.






Table 3. Signal values used for the action.





	
Data Name/Harvesting Operation

	
Harvester Pitch Up

	
Open Up the Loppers

	
Feed Roller Opening






	
Control signal value * (%)

	
28

	
32

	
32




	
32

	
35

	
35




	
36

	
38

	
38




	
40

	
40

	
40




	
44

	
45

	
45








* In the harvester control program, the control signal value range is 0–32,767. The reason why this paper uses 0–100 instead of 0–32,767 is to more intuitively react to the size of the signal value, and to make it easy for readers to understand. Take 28 as an example; the control signal value corresponding to 28 is 32,767 × 0.28.













 





Table 4. Signal values used for the closing action of the pruning knife and the closing action of the feed roll cylinder.






Table 4. Signal values used for the closing action of the pruning knife and the closing action of the feed roll cylinder.





	
Data Name/Data Group

	
Group I

	
Group II

	
Group III

	
Group IV

	
Group V






	
Control signal value (%)

	
32

	
35

	
38

	
40

	
45




	
Pressure control valve signal value (%)

	
0

	
0

	
0

	
0

	
0




	
10

	
10

	
10

	
10

	
10




	
20

	
20

	
20

	
20

	
20




	
30

	
30

	
30

	
30

	
30




	
40

	
40

	
40

	
40

	
40




	
50

	
50

	
50

	
50

	
50




	
60

	
60

	
60

	
60

	
60




	
70

	
70

	
70

	
70

	
70




	
80

	
80

	
80

	
80

	
80











 





Table 5. Manually measured and systematically collected values.






Table 5. Manually measured and systematically collected values.





	
Manually Measured Pressure Value (MPa)

	
System Acquisition Pressure Value (MPa)

	
Theoretical Value of Main Oil Circuit Pressure (MPa)

	
Relative Error between Manually Measured Value and Theoretical Value

	
Relative Error between System Acquisition Value and Theoretical Value






	
27.4

	
26.2

	
25.5

	
7.45%

	
2.75%




	
29.1

	
25.8

	
14.12%

	
1.18%




	
27.1

	
26.1

	
6.27%

	
2.35%




	
28.5

	
25.8

	
11.76%

	
1.18%




	
26.8

	
25.6

	
5.10%

	
0.39%




	
27.1

	
25.9

	
6.27%

	
1.57%




	
29.4

	
26.0

	
15.29%

	
1.96%




	
26.7

	
25.7

	
4.71%

	
0.78%




	
28.1

	
26.2

	
10.20%

	
2.75%




	
26.8

	
25.9

	
5.10%

	
1.57%
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