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Figure 0: Pressure measurement is an essential part of industrial automation
This lab explores pressure measurement using a capacitive pressure transducer. Reference points based on Boyle’s law will be established prior to calibrating the transducer. Both gage and absolute pressure will be measured. 

[bookmark: _Toc516839822]Learning Objectives

After completing this lab, you should be able to complete the following activities:

· Establishing calibration reference points based on Boyle’s law
· Conducting a 5-point sequential calibration of a pressure transducer
· Comparing upscale and downscale calibration curves
· Measuring pressure using both gage and absolute scales


[bookmark: _Toc516839823][bookmark: _GoBack]Required Tools and Technology

	Platform: NI ELVIS III
	· View User Manual 
http://www.ni.com/en-us/support/model.ni-elvis-iii.html

	Hardware: Quanser Mechatronic Sensors Board
	· View User Manual
http://www.ni.com/en-us/support/model.quanser-mechatronic-sensors-board-for-ni-elvis-iii.html

	Software: LabVIEW
Version 18.0 or Later
Toolkits and Modules:
· LabVIEW Real-Time Module
· NI ELVIS III Toolkit
	· Before downloading and installing software, refer to your professor or lab manager for information on your lab’s software licenses and infrastructure
· Download & Install for NI ELVIS III
· http://www.ni.com/academic/download
· View Tutorials
· http://www.ni.com/academic/students/learn-labview/
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In this lab, you will collect the following deliverables:

· Determine local atmospheric pressure adjusted for elevation
· Calculate and record pressure reference points using the syringe by applying Boyle's law
· Record calibration data (up-scale and down-scale directions)
· Screenshot of calibration graphs showing fitted curves
· Record calibration coefficients (up-scale and down-scale directions)
· Record maximum and minimum generated absolute and gage pressures
· Calculate sensor sensitivity in V/kPa
· Calculate theoretical capacitance for given sensor specifications
· Compare obtained sensor calibration with manufacturer's calibration

Your instructor may expect you to complete a lab report.  Refer to your instructor for specific requirements or templates.
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[bookmark: _Toc516839826]1.1 Theory and Background

What is a Pressure?

Pressure is the amount of force (F) acting per unit area (A) as defined in Equation 1-1:

Equation 1-1


Various units are used to express pressure. The SI unit of pressure is pascal (Pa), which is newtons per meter squared (N/m2). Other common units include pounds per square inch (psi), bar, and atmosphere (atm). Pressure at sea level under standard atmospheric conditions is defined as patm = 1 atm and equals 101.32 kPa.

Pressure is measured using two different scales: gage or absolute. Gage pressure (pgage) is pressure relative to local atmospheric pressure (p0), while absolute pressure (pabs) is pressure relative to perfect vacuum. The relationship between absolute and relative pressure is given in Equation 1-2 and illustrated in Figure 1-1.

Equation 1-2


Note that the value of p0 depends on atmospheric and geographical conditions and may or may not be higher than standard atmospheric pressure.
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[bookmark: _Ref510515675]Figure1-1: Comparison between different pressure scales

Boyle’s Law

Boyle’s law states that the product of volume and pressure of a confined gas is constant. It is mathematically expressed as:

Equation 1-3


where p is the pressure of the gas, V is the volume of the gas, and k is a constant. An alternative form of Boyle’s law is commonly used to compare a gas under two different conditions, and expressed as:

Equation 1-4


where p1 and V1 are the pressure and volume of the gas under condition 1, and p2 and V2 are the pressure and volume of the gas under condition 2. Figure 1-2 illustrates Boyle’s law using a pressure chamber. In this example, as the plunger is pushed into the chamber, the pressure of the gas increases from its initial state of p1 to p2, while the volume of the gas decreases from V1 to V2.
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[bookmark: _Ref510515699]Figure1-2: Demonstration of Boyle’s law
Pressure Transducer

Pressure transducers are used in modern mechatronic applications to measure gage, absolute, and differential pressure. They are electromechanical devices that output an electrical signal proportional to the sensed pressure. A pressure transducer has an internal diaphragm or membrane that flexes due to an applied pressure.

[image: C:\Users\amolki\Desktop\1.png]
(a) Capacitive type
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(b) Resistive type
[bookmark: _Ref510515751]Figure1-3: Schematic illustration of two common types of pressure transducers

As schematically illustrated in Figure 1-3, a pressure transducer typically consists of either a strain/piezoresistive element or a parallel plate capacitor that is attached to a diaphragm. Depending on the type of sensing element used, any deformation in the diaphragm due to an applied pressure causes a change in the sensing element’s resistance or capacitance. Changes in the sensing element are then converted into a detectable electrical signal using signal conditioning circuitry. 
Pressure transducers typically have a fast response behavior and allow for high precision measurements. However, because of their built-in electronics, they require a power source for operation.

As illustrated in Figure 1-3, a pressure transducer incorporates a built-in reference pressure port. When measuring gage pressure, the port is exposed to atmospheric pressure. However, when measuring absolute pressure, the port is sealed so that measurements are referenced against perfect vacuum. In differential pressure measurement the main and reference pressure ports are exposed to two different sources of pressure.

Pressure Transducer Calibration

A convenient way to convert the output of a pressure transducer to a unit of pressure is to use the manufacturer’s published sensitivity and offset values for the transducer. The sensitivity of a pressure transducer, which relates the output of the sensor to the measured pressure, is typically given in terms of volts per unit of pressure.

Alternatively, a sequential calibration test can be performed, which involves applying a sequential series of known pressures (known as standards) to the transducer and recording the corresponding output. The calibration can be done by increasing the input pressure (upscale direction), or by decreasing the input pressure (downscale direction). 

The relationship between the input and output of the sensor is mathematically expressed in the form of a first order polynomial equation that is fitted to the recorded data. Using the calibration equation, unknown pressures can be determined for any given output signal.


[bookmark: _Ref510515929]Table 1-1: Results of a 5-point calibration
	Pressure (psi)
	Output (V)

	0.0
	0.100

	5.0
	1.255

	10.0
	2.550

	15.0
	3.505

	20.0
	4.950



As an example, Table 1-1 shows results of a 5-point calibration in the upscale direction. The sensors’ calibration equation is established by fitting a line to the points as shown in Figure 1-4.
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[bookmark: _Ref510515805]Figure 1-4: Line fitted to the recorded data

[bookmark: _Toc516839827]1.2 Implement

The Virtual Instrument (VI) used to collect data from and calibrate the pressure transducer is shown in Figure 1-5.

[image: ]
[bookmark: _Ref510515850]Figure1-5: VI for collecting data from the pressure transducer
Establish Reference Points

1. Determine your local atmospheric pressure (in kPa) using a barometer or look up the atmospheric pressure at your closest weather station (e.g. using www.weather.com). If you do not have access to this data, assume a local atmospheric pressure of 101.3 kPa.

Note: Weather stations typically report local atmospheric pressure corrected to sea-level conditions (0 m altitude and 15 °C ambient temperature). In such case, correct the reported sea-level pressure to your local atmospheric pressure by taking into consideration your altitude and ambient temperature using Equation 1-5:

Equation 1-5


where plocal is the local atmospheric pressure adjusted for temperature and altitude in kPa, psea is the sea-level pressure reported by the local weather station in kPa, h is your local altitude in meters, and T is ambient temperature in Celsius.

2. In the next section, you will be applying a series of known absolute pressures to the transducer using the syringe. Initially, you will start at atmospheric pressure with the syringe plunger aligned with the 3 ml mark. You will then increase the applied pressure by depressing the syringe plunger.

Using the adjusted local atmospheric pressure that you determined in the previous step and Equations 1-3 and 1-4, calculate the pressures that can be generated when the syringe plunger is positioned at the following volumetric markings: 3.0, 2.5, 2.0, 1.5, 1.0, 0.5, and 0.0 ml. Note that the pressure chamber has a dead volume of 5 ml. Record your calculations in Table 1-2.

Note: The dead volume refers to the volume of the pressure chamber. It excludes the volume of the attached syringe.

3. Continue to the next section.


[bookmark: _Ref510516053]Table1-2: Reference pressures using the syringe
	Syringe (ml)
	Absolute Pressure (kPa)

	3.0
	

	2.5
	

	2.0
	

	1.5
	

	1.0
	

	0.5
	

	0.0
	



Collect Data

4. Open Mechatronic Sensors Board.lvproj
5. From the Project Explorer window, open Mechatronic Sensors – Pressure.vi
6. Click on the Collect Data tab.
7. Run the VI.
8. Wait for the Initialized? LED indicator to turn on.
9. If attached, unscrew the syringe from the pressure chamber.
10. Position the syringe plunger at the 3 ml mark.
11. If present, remove the protective cap from the pressure sensor chamber.
12. Attach the syringe to the Luer lock connector on the pressure sensor chamber by gently twisting the syringe in the clockwise direction. Ensure a secure connection is made. The applied pressure inside the chamber is now equal to atmospheric pressure.

Note: Attach the syringe such that the graduation markings are facing forward.

13. Enter the first value from Table 1-1into the Abs Pressure (kPa) array located in the VI front panel. Now using the Uncalibrated Output waveform chart, read the corresponding sensor output and enter the value in the Sensor Output (V) array.
14. Continue taking measurements by depressing the syringe plunger at 0.5 ml intervals. Enter the applied pressures (using the values from Table 1-1) and the corresponding sensor outputs in the Abs Pressure (kPa) and Sensor Output (V) arrays respectively.

Note: Once all of the measured readings have been entered, a linear curve is automatically generated to fit the data. The curve is shown in the Sensor Readings waveform graph. This curve represents the calibration curve of the sensor.

15. Record the collected data in Table 1-3.
16. The slope and offset of the calibration curve are automatically calculated by the VI and displayed in the Slope (kPa/V) and Offset (kPa) indicators. Make a note of these values in Table 1-4.
17. Take a screenshot of the Sensor Readings graph showing the fitted curve.
18. Continue to the next section.

[bookmark: _Ref510516171]Table1-3: Recorded calibration data
	Syringe (ml)
	Absolute Pressure (kPa)
	Output (V)

	3.0
	
	

	2.5
	
	

	2.0
	
	

	1.5
	
	

	1.0
	
	

	0.5
	
	

	0.0
	
	







[bookmark: _Ref510516240]Table1-4: Calibration coefficients
	Slope (kPa/V)
	Offset (kPa)

	
	



Calibrate the Pressure Transducer

19. Click on the Calibrate Sensor tab to calibrate the output of the transducer in terms of pressure in kPa.
20. Use the Atmospheric Pressure (kPa) numeric control to enter the adjusted atmospheric pressure you determined in step 1.
21. Use the Slope (kPa/V) and Offset (kPa) numeric controls to enter the slope and offset values you obtained during the data collection steps.
22. Move the plunger to different positions and observe the displayed pressures in the Calibrated Output waveform chart as well as the Absolute and Gage gauge indicators. What is the difference between the absolute and gage readings?
23. What is the maximum absolute and gage pressures (in kPa) that you can generate?
24. Can you generate negative gage pressure using the syringe? What is the lowest absolute and gage pressure (in kPa) that you can generate?
25. Press the Stop button.

[bookmark: _Toc516839828]1.3 Analyze

1-1 What is the local atmospheric pressure (in kPa), adjusted for altitude and temperature, that you determined in step 1? Show your calculations.

1-2 Present the reference points that recorded in Table 1-2. Show sample calculations.

1-3 Present the calibration data that you recorded in Table 1-3.

1-4 Present the calibration coefficients that you recorded in Table 1-4.

1-5 Attach a screenshot of the Sensor Readings waveform graph showing the fitted calibration curve.

1-6 What calibration equation did you obtain?

1-7 How did you generate negative gage pressure using the syringe?

1-8 What is the maximum and minimum absolute as well as gage pressures (in kPa) that you were able to generate in steps 23 and 24?

1-9 What is the sensitivity of the sensor in V/kPa?


[bookmark: _Toc516839829]Section 2: Design Considerations

2-1 In this lab you obtained a calibration curve for the pressure transducer by means of a sequential test where pressure was increased in the upscale direction. When designing a mechatronic system, the following question may arise: can one use the same calibration equation to infer pressures outside of the applied lower and upper pressure limits? Put differently, can one use the same calibration equation to extrapolate beyond the calibration range?

Partially examine this question by repeating this lab but this time calibrating the transducer using negative gage pressures (downscale direction). How does the downscale calibration curve compare with the upscale curve originally obtained in this lab? Can the upscale curve be used to extrapolate negative pressures?


2-2 The Mechatronic Sensors Board uses an Infineon KP236N6165 pressure sensor. The manufacturer provides the following calibration equation relating the sensor’s output voltage (Vout) to the measured pressure (P):



where VDD = 5 V, a = 0.00876 1/kPa, and b = -0.48571. The calibration equation applies to an operating range of 60 to 165 kPa. How does the manufacturer’s calibration equation compare with the equation that you obtained during this lab? Measure atmospheric pressure using the calibration equation that you experimentally obtained as well as using the manufacturer’s calibration equation. How do they compare? Comment on potential sources of error. The manufacturer reports a sensor accuracy of +/-1.0 kPa when the temperature is between 0 and 85 degrees Celsius.


2-3 As noted in the Theory and Background section, a capacitive pressure sensor contains a parallel plate capacitor that is attached to the sensor’s diaphragm. When the sensor is subjected to different pressures, it causes the sensors’ diaphragm to flex, and as a result the capacitance of the parallel plate capacitor changes. The sensors’ capacitance, C, is determined by the following equation:



where d is the distance between the plates, A is the overlapping area of the two plates,  is the proportionality constant (= 8.85 x 10-15 F/mm when the area is measured in mm2 and distance is measured in mm), and c is the dielectric constant of the material between the capacitor plates.

Assume you are designing a new capacitive pressure transducer. Estimate the theoretical capacitance of the sensors if the plate area is A = 1 mm2, plate distance is d = 500 microns, and the dielectric material between the plates is air c = 1.
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