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[bookmark: _c0iuhjkroc0i]Figure 0: Accurate measurement of angular displacement is essential in many robotic applications
This lab explores angular displacement measurements using a potentiometer and an incremental encoder. Both sensors will be calibrated prior to measuring angular displacements. Different decoding algorithms for the encoders will be examined.

[bookmark: _Toc503859265][bookmark: _Toc513036884]Learning Objectives

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

1. Understand the voltage dividing properties of a potentiometer
2. Calibrate the output of a potentiometer in terms of angular displacement
3. Determine an encoder’s pulses-per-revolution
4. Examine non-quadrature, X2, and X4 decoding
5. Calibrate the output of an encoder in terms angular displacement
6. [bookmark: _Toc503859266]Observe the effect of low sampling on the accuracy of measured data

[bookmark: _Toc513036885]Required Tools and Technology

	[bookmark: _r1ylgc7r20cy][bookmark: _w6d414oloqts][bookmark: _Toc503859271]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/





[bookmark: _Toc513036886]Expected Deliverables

In this lab, you will collect the following deliverables:

· Record raw potentiometer output
· Screenshot of the potentiometer calibration graph showing fitted calibration curve
· Record potentiometer calibration coefficients 
· Calculate potentiometer sensitivity in mV/deg
· Observe encoder signal edge counts using non-quadrature, X2, and X4 decoding 
· Calculate encoder PPR
· Calculate encoder angular resolution 
· Screenshot of encoder signal response

[bookmark: _bcs3wl446khl][bookmark: _ey8ycagfi1oe][bookmark: _Toc503859272]Your instructor may expect you complete a lab report.  Refer to your instructor for specific requirements or templates.
[bookmark: _Toc516839777]
Section 1: Measuring Angular Displacement using a Potentiometer

[bookmark: _Toc503859273][bookmark: _Toc516839778]1.1 Theory and Background

What is a Potentiometer?

A rotary potentiometer, or pot, is a manually controlled variable resistor. As shown in Figure 1-1, it typically consists of an exposed shaft, three terminals (A, W, and B), an encased internal resistive element shaped in a circular pattern, and a sliding contact known as a wiper. By rotating the shaft, the internal wiper makes contact with the resistive element at different positions, causing a change in resistance when measured between the center terminal (W) and either of the side terminals (A or B). The total resistance of the potentiometer can be measured by clamping a multi-meter to terminals A and B.
	[image: C:\Users\amolki\Desktop\QNET Mechatronic Sensors - Potentiometer - Concept Review.pdf - Adobe Acrobat Pro.jpg]
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Figure 1-1: A typical rotary potentiometer
Two other common types of potentiometers are shown in Figure 1-2, which include slide pots as well as trimmer pots.

	[image: C:\Users\amolki\Desktop\QNET Mechatronic Sensors - Potentiometer - Concept Review.pdf - Adobe Acrobat Pro.jpg]
(a) trimmer pot
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(b) slide pot


Figure 1-2: Other common types of potentiometers (source: DigiKey)
A schematic diagram of the voltage dividing characteristic of a potentiometer is illustrated in Figure 1-3. By applying a known voltage between terminals A and B (VAB), voltage is divided between terminals AW and WB such that:

Equation 1-1


[bookmark: _Toc504395607]When connected to an external shaft, a rotary potentiometer can measure absolute angular displacement. In this application, by applying a known voltage to the outside terminals of the pot, we can determine the position of the sensor based on the output voltage VAW or VWB which will be directly proportional to the position of the shaft. One of the advantages of using a potentiometer as an absolute position sensor is that after power loss, position information is retained since the resistance of the pot remains unchanged.
[image: C:\Users\amolki\Desktop\Pot.png]

Figure 1-3: Schematic diagram of the voltage dividing characteristic of a rotary potentiometer
Depending on their construction, some pots have physical stops which prevent the shaft from a full 360° rotation. To counter this limitation, pots that do not have physical stops are used when continuous rotational movement is desired. Another limitation is the presence of a dead-band, which occurs when the pot shaft is turned but the resistance stays the same. In continuous rotation potentiometers, dead-band occurs at the limits of the pot and results in a discontinuity in the output when used for angular displacement measurement.

The typical lifespan of a pot is a few thousand rotations. This is because the wiper makes physical contact with the resistive element inside the pot, eventually wearing it out. This physical contact and the presence of dust also causes both mechanical and electrical noise. While the mechanical noise is rather inaudible in modern pots, electrical noise causes variations in the measured output. In audio applications where pots are used for volume and tone control, the electrical noise manifests itself in the form of audible pops and crackles.


[bookmark: _Toc503859282][bookmark: _Toc516839779]1.2 Implement

The Virtual Instrument (VI) used to collect data from and calibrate the potentiometer is shown in Figure 1-4.

[image: ]
Figure 1-4: VI for collecting data from the potentiometer

Collect Data

1. Open Mechatronic Sensors Board.lvproj
2. From the Project Explorer window, open Mechatronic Sensors - Potentiometer.vi
3. Click on the Collect Data tab.
4. Run the VI.
5. Wait for the Initialized? LED indicator to turn on.
6. Set the potentiometer knob to the 0° mark.
7. Enter 0 in the Pot Angle (deg) array.
8. Using the Uncalibrated Output waveform chart, read the corresponding sensor output and enter the value in the Sensor Output (V) array.
9. Continue taking measurements by rotating the potentiometer at 30° intervals. Enter the angular position and measured sensor outputs in the Pot Angle (deg) and Sensor Output (V) arrays respectively. Take a screenshot of your results.

Note: Once all of the measured data 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.

10. The slope and offset of the calibration curve are automatically calculated by the VI and displayed in the Slope (deg/V) and Offset (deg) indicators. Make a note of these values. 
11. Record the collected data in Table 1-1.
12. Take a screenshot of the Sensor Readings graph.
13. Continue to the next section.


Table 1-1: Recorded potentiometer measurements
	Angle (deg)
	Output (V)

	0°
	

	30°
	

	60°
	

	90°
	

	120°
	

	150°
	

	180°
	



Calibrate the Potentiometer

14. Click on the Calibrate Sensor tab to calibrate the output of the potentiometer in terms of angular position (in degrees).
15. Use the Slope (deg/V) and Offset (deg) numeric controls to enter the slope and offset values you obtained during the data collection step.
16. Test the accuracy of your calibration. To do this, set the potentiometer knob to different angles and verify that the correct angular position is displayed in the Calibrated Output waveform chart as well as the Pot Angle (deg) meter indicator.
17. Press the Stop button.

[bookmark: _Toc516839780][bookmark: _Toc503859283]1.3 Analyze

1-1 Present the results you recorded in Table 1-1.

1-2 Attach a screenshot of the Sensor Readings waveform graph that shows the fitted calibration curve from step 12.

1-3 What was the calibration equation that you obtained?

1-4 What is the sensitivity of the sensor in mV/deg?


[bookmark: _Toc503859284][bookmark: _Toc516839781]Section 2: Measuring Angular Displacement using an Encoder

[bookmark: _Toc516839782]2.1 Theory and Background

What is an Encoder?

An incremental optical encoder, shown in Figure 2-1, is a relative angular displacement sensor which measures angular displacement relative to a previously known position. Unlike an absolute encoder, an incremental encoder does not retain its position information upon power loss. An incremental encoder outputs a series of pulses which correlate to the relative change in angular position. Encoders are commonly used to measure angular displacement of rotating load shafts. Information extracted from an incremental encoder can also be used to derive instantaneous rotational velocities.

[image: C:\Users\amolki\Desktop\QNET Mechatronic Sensors - Encoder - Concept Review.pdf - Adobe Acrobat Pro.jpg]
[bookmark: _Ref503947499]Figure 2-1: An incremental rotary encoder manufactured by US Digital 

An incremental optical encoder typically consists of a coded disk, an Infrared (IR) LED, and two photosensors. The disk is coded with an alternating light and dark radial pattern causing it to act as a shutter. As shown schematically in Figure 2-2, the light emitted by the IR LED is interrupted by the coding as the disk rotates around its axis.
[image: C:\Users\amolki\Desktop\Encoder.png]
[bookmark: _Ref503947748]Figure 2-2: Output of an incremental encoder showing signals A and B when rotating in a clockwise manner

The two photosensors (A and B) positioned behind the coded disk sense the infrared light emitted by the IR LED, which results in A and B signals/pulses, in four distinct states as outlined in Table 2-1:

Table 2-1: Different quadrature states
	State
	Signal A
	Signal B

	1
	OFF
	ON

	2
	OFF
	OFF

	3
	ON
	OFF

	4
	ON
	ON


Encoders which output A and B signals are often referred to as quadrature encoders since the signals are separated in phase by 90° and result in four distinct states. Non-quadrature encoders have only one output signal and thus are unable to detect direction. The resolution of an encoder is determined using the number of light or dark patterns on the disk, a measure that is given in terms of pulses per revolution, or PPR.

Some encoders utilize an index pulse (Z channel), which is triggered once for every full rotation of the disk (see Figure 2-3). The index pulse can be used for calibration or so-called homing of a system, as well as a revolution counter. Depending on the encoder, the width of the index plus may be aligned with any of the four quadrature states. For example, the index pulse may have a width that spans a full cycle (4 states), a half cycle (2 states), or a quarter cycle (1 state). In the example shown in Figure 2-3, the width of the index pulse is aligned with a full cycle of the B signal.

There are two methods that an encoder registers the index pulse: (a) using pre-defined states of signals A and B, or (b) using user-defined states of signals A and B, in which case the user must select a combination of A and B states that occurs only once during the width of the index pulse.

[image: C:\Users\amolki\Desktop\Encoder.png]
[bookmark: _Ref503947923]Figure 2-3: Output of a quadrature encoder with an index pulse
[bookmark: _Toc504034066]Encoder Decoding
In order to make encoder measurements, you need to connect the encoder outputs to a counter. A decoding algorithm is then used to determine the number of counts and possibly the direction of rotation.

Four common decoding algorithms are used: non-quadrature, X1, X2, and X4.
[bookmark: _Toc504034067]Non-quadrature
When a non-quadrature decoder is used, only the rising edge of signal A is counted as the shaft rotates. The counter is incremented on the rising edge of signal A. Because signal B is not used, the encoder cannot detect the direction of rotation. For example, using a non-quadrature decoder, a 9 PPR encoder will result in a total of 9 counts for every rotation of the encoder shaft. The count will increase regardless of which direction the shaft is rotated.

[bookmark: _Toc504034068]X1 Decoder
When an X1 decoder is used, only the rising edge of signal A is counted as the shaft rotates. When a rising edge of signal A occurs, the algorithm looks at the current state of signal B. If signal B is low, the counter is incremented. Otherwise, when signal B is high, the counter is decremented. Using an X1 decoder, a 9 PPR encoder will result in a total of 9 counts for every rotation of the encoder shaft.

[bookmark: _Toc504034069]X2 Decoder
When an X2 decoder is used, both the rising and falling edges of signal A are counted as the shaft rotates. When a rising edge of signal A occurs, the algorithm looks at the current state of signal B. If signal B is low, the counter is incremented. Otherwise, when signal B is high, the counter is decremented. When a falling edge of signal A occurs, if signal B is high the counter is incremented, otherwise when signal B is low the counter is decremented. Using an X2 decoder, a 9 PPR encoder will generate a total of 18 counts for every rotation of the encoder shaft.

[bookmark: _Toc504034070]X4 Decoder
When an X4 algorithm is used, both the rising and falling edges of both signals A and B are counted. Using a state machine diagram, Figure 2-4 illustrates how the counter is incremented or decremented depending on the state of signals A and B. An X4 decoder generates four times the number of counts generated by an X1 decoder resulting in the highest resolution among the three types of decoders. Using an X4 decoder, a 9 PPR encoder will generate a total of 36 counts for every rotation of the encoder shaft.
[image: C:\Users\amolki\Desktop\Encoder.png]
[bookmark: _Ref503948222]Figure 2-4: State machine representation of the X4 decoding algorithm

[bookmark: _Toc504034071]Measuring Angular Displacement
Pulses generated by an encoder can be converted to angular position (in degrees) using Equation 2-1:

Equation 2-1


where Counts is the number of acquired edge counts, N = 1, 2, or 4 corresponds to non-quadrature/X1, X2, and X4 decoders respectively, and PPR is the encoder’s PPR value. 
The angular resolution of an encoder (not to be confused with encoder resolution, or PPR) depends on the encoder’s PPR and the decoding algorithm used, and can be calculated using Equation 2-2:

Equation 2-2

Figure 2-5 compares the number of counts generated by each of the non-quadrature, X1, X2, and X4 decoders.
[image: C:\Users\amolki\Desktop\333.png]
[bookmark: _Ref503962119]Figure 2-5: Comparison of the number of counts generated by different decoding algorithms


[bookmark: _Toc516839783]2.2 Implement

The Virtual Instrument (VI) used to collect data from and calibrate the encoder is shown in Figure 2-6.

[image: ]
Figure 2-6: VI for collecting data from the encoder
Non-quadrature Decoding

1. Open Mechatronic Sensors Board.lvproj
2. From the Project Explorer window, open Mechatronic Sensors - Incremental Encoder.vi
3. From the Decoder drop-down menu, select non-quad.
4. Run the VI.
5. Wait for the Initialized? LED indicator to turn on.
6. In non-quadrature decoding only signal A is used. Rotate the encoder knob in the clockwise direction. How does the Edge (count) numeric display change?
7. Rotate the knob in the counter-clockwise directions. How does the Edge (count) numeric display change?

Note: At any time you can press the Reset button to reset the counter. This will rest the Edge (count) and Angle (deg) numeric displays to zero.

8. Using the Edge (count) numeric display, determine the number of pulses the encoder generates per each full revolution (PPR).

Note: PPR is determined in non-quadrature mode. It refers to the total number of pulses generated by Signal A when the encoder makes one full revolution. The value of PPR will be used to calibrate the encoder pulses in terms of angular displacement in degrees.

9. Continue to the next section.

Calibrate the Encoder

1. 
2. 
3. 
10. Calibrate the pulses of the encoder in terms of angular displacement. To do this, enter the PPR value which was calculated in the previous section in the PPR numeric control and press the Enter key.
11. Verify the accuracy of your calibration. To do this, first press the Reset button then rotate the encoder knob and verify that the correct angular position is displayed in the Angle (deg) numeric indicator.
12. Continue to the next section.


X2 Decoding

13. From the Decoder drop-down menu, select X2.
14. Press the Reset button.
15. In X2 decoding both signals A and B are used. Rotate the encoder knob in the clockwise direction. How do the Edge (count) and Angle (deg) numeric displays change?

Note: An encoder will have a fixed PPR value regardless of the decoding algorithm that is used.

16. Rotate the knob in the counter-clockwise direction. How do the Edge (count) and Angle (deg) numeric displays change?
17. Examine the behavior of signal A and signal B.
18. What is the resolution of the measured angular displacement?
19. Continue to the next section.

X4 Decoding

20. From the Decoder drop-down menu, select X4.
21. Press the Reset button.
22. Rotate the knob in the clockwise and counter-clockwise directions. How do the Edge (counts) and Angle (deg) numeric displays change?
23. What is the resolution of the measured angular displacement?
24. Examine the behavior of signal A and signal B as you slowly rotate the encoder knob in the clockwise direction. In particular, compare the behavior of signals A and B and you rotate the encoder in the clockwise direction with the state machine diagram shown in Figure 2-4. Take a screenshot of your results.
25. Press the Stop button.

[bookmark: _Toc516839784]2.3 Analyze

2-1 How did the Edge (count) numeric display change when the knob was rotated in the clockwise direction in step 6?
2-2 How did the Edge (count) numeric display change when the knob was rotated in the counter-clockwise direction in step 7? Explain the observed behavior.
2-3 What is the PPR of the sensor that you calculated in step 8?
2-4 When using non-quadrature decoding, as the encoder knob was rotated in step11, did the Angle (deg) numeric indicator display the correct angular position?
2-5 When using X2 decoding, as you rotated the encoder knob in step 15, how did the Edge (count) and Angle (deg) numeric displays change?
2-6 As you rotated the encoder knob in the counter-clockwise directions in step 16, how did the Edge (count) and Angle (deg) numeric displays change? Explain the observed behavior.
2-7 What is the resolution of the measured angular displacement that you calculated in step 18? Does it match the expected angular resolution using Equation 2-2?
2-8 When using X4 decoding, as you rotated the encoder knob in the clockwise and counter-clockwise directions in step 22, how did the Edge (counts) and Angle (deg) numeric displays change?
2-9 What is the resolution of the measured angular displacement that you calculated in step 23? Does it match the expected angular resolution using Equation 2-2?
2-10 Compare the angular resolutions of the X2 and X4 decoding.
2-11 Using the screenshot you captured in step 24, compare the behavior of signals A and B and you rotate the encoder in the clockwise direction with the state machine diagram shown in Figure 2-4. Do your results match the state machine sequence?


[bookmark: _Toc516839785]Section 3: Design Considerations

3-1 You are tasked to select an incremental encoder for measuring the position of a DC motor. You require a minimum resolution of 0.01 radians. Furthermore, your data acquisition system (DAQ) and software can only perform X2 decoding. What is the minimum PPR required to meet this design constraint?


3-2 As noted in the background section, a counter is used to count the pulses generated by an encoder. Counters are specified using a bit size. For example, a 24-bit counter is capable of counting up to 224 = 16,777,216 counts. When a counter exceeds its counting ability, it will wrap or overflow. 

Assume that you have a 1,000 PPR encoder and a 24-bit counter at your disposal. You plan to use the encoder to monitor the rotational velocity of a shaft that rotates at a maximum speed of 500 rpm. Your DAQ performs X4 decoding. Calculate the minimum duration that the counter can monitor the shaft’s speed before it overflows. 


3-3 Sampling data at an appropriate rate is required for making accurate measurements. Sample rate or sample frequency is the rate at which a DAQ reads or digitizes an input signal. The unit of sample rate is hertz, or samples per second. The sample rate is often defined by the user, although each DAQ will have limitations on how fast it can acquire data. One can think of DAQ sampling as snapshots, similar to the frames of a movie. The faster a DAQ samples a real signal, the greater the resolution and detail that can be seen in the digitized signal.

Figure 2-7 shows the effect of different sampling rates when acquiring a sinusoidal signal. As illustrated by the figure, sampling at different rates will result in different digitized waveforms. As sampling rate is increased, the resulting digitized sample more accurately resembles the true shape of the original signal.

Examine the effect of a low sampling rate on angular displacement measurement using the encoder. To do this, stop your VI using the Stop button. The default sampling period in the VI is set to 1 ms (equivalent to a sampling rate of 1,000 Hz). Change the sampling period to 20 ms (equivalent to a sampling rate of 50 Hz). Select X4 decoding and set the PPR numeric control to the value you determined earlier in this lab. Re-run the VI. Press the Reset button. Now slowly rotate the encoder shaft 360 degrees in the clockwise direction.  The Angle (deg) numeric display should indicate an angular displacement of approximately 360 degrees. Reset the encoder again but this time, very quickly, rotate the encoder shaft 360 degrees in the clockwise direction. What value does the Angle (deg) numeric display indicate? Explain your results. 
[image: C:\Users\amolki\Desktop\Meas_Inst-Intro_to_DAQ_LabVIEW.pdf - Adobe Acrobat Pro.jpg]

Figure 2-7: Effect of sample rate on an acquired sinusoidal signal
[bookmark: _GoBack]
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