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Figure 0: Precise attitude measurement is instrumental to the control of unmanned aerial vehicles 

This lab explores acceleration, rotation, and magnetic field measurements using an Inertial Measurement Unit (IMU) sensor. In particular, roll, pitch, and yaw measurements will be determined using the output of the accelerometer and gyroscope sensors. Also, earth’s magnetic field direction will be approximated using the magnetometer.

[bookmark: _Toc516839844]Learning Objectives

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

1. Identify components of an Inertial Measurement Unit
2. Estimate roll and pitch using an accelerometer
3. Estimate yaw by integrating the output of a gyroscope
4. Analyze gyroscopic drift
5. Approximate earth’s magnetic field direction using a magnetometer
6. Determine magnetometer offset
7. Observe Euler geometric singularities when estimating roll and pitch


[bookmark: _Toc516839845]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:

· Record raw accelerometer data
· Examine and calculate roll and pitch angles using accelerometer output
· Examine yaw angle polarity
· Measure maximum and minimum magnetometer outputs
· Determine magnetic North
· Estimate gyro drift
· Estimate magnetometer offset
· Observe and estimate Euler singularities when determining roll and pitch

Your instructor may expect you to complete a lab report. Refer to your instructor for specific requirements or templates.



[bookmark: _Toc516839847]Section 1: Measuring Pose and Magnetic Field using an IMU

[bookmark: _Toc516839848]1.1 Theory and Background

What is an IMU?

An internal measurement unit, or IMU, is a sensor that measures a body’s acceleration, angular velocity, as well as magnetic field. Using an IMU, it is possible to determine the attitude of a body. An attitude of a body comprises of its pitch, roll, and yaw. Figure 1-1 illustrates that attitude of an aircraft. In this example, pitch is the degree of tilt in the aircraft’s nose (rotation about the pitch axis), roll is the degree of rotation about the longitudinal axis of the aircraft’s fuselage (rotation about the roll axis), and yaw refers to the aircraft’s heading (rotation about the yaw axis). It should be noted that different applications may use different conventions for the orientation of the axes and polarity of rotation. IMUs are used also used in a wide range consumer goods such as smartphones, tablets, motion-based game controllers, and many wearable technologies.

[image: C:\Users\amolki\Desktop\Drawing1.png]
Figure 1-1: An aircraft’s attitude (roll, pitch, and yaw)
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Figure 1-2: Image of a TDK InvenSense MPU-9250
The Quanser Mechatronic Sensors Application Board incorporates a 9-axis TDK InvenSense MPU-9250 IMU sensor (Figure 1-2). The sensor uses three independent vibratory MEMS rate gyroscopes to detect motion about the X-, Y-, and Z-axes. When the gyros are rotated about any of the sensor’s axes, the Coriolis Effect causes a vibration that is detected by a capacitive pickoff. The resulting signal is amplified, demodulated, and filtered to produce a voltage that is proportional to the angular rate. The sensor includes an Analog-to-Digital converter to output digital values of the measured angular velocities up to 2,000 deg/sec. 

The sensor also incorporates a 3-axis accelerometer that measures acceleration in units of g. The accelerometers use separate proof masses for each axis. Acceleration along a particular axis induces displacement on the corresponding proof mass, and capacitive sensors detect the displacement differentially. Figure 1-3 illustrates the orientation of axes of sensitivity and polarity of rotation for the accelerometer and gyroscope. The accelerometer outputs a value of +1 g for any axis that is vertically pointing upward, and outputs a value of -1 g when the axis is vertically pointing downward. For any arbitrary inclination, the accelerometer outputs the magnitude of the X, Y, and Z acceleration vectors. For example, when the sensor is placed on a flat horizontal surface with its Z-axis facing upward, the sensor outputs AX = 0 g, AY = 0 g, and AZ= +1 g. Similarly, when the sensor’s X-axis is facing vertically downward, the sensor outputs AX = -1 g, AY = 0 g, and AZ = 0 g.

The sensors also include a 3-axis magnetometer capable of measuring up to ±4,800 T. Communication with the sensor is done using the I2C protocol. Figure 1-4 illustrates the orientation of axes of sensitivity for the magnetometer.
[image: C:\Users\amolki\Desktop\IMU.png]

Figure 1-3: Orientation of axes of sensitivity and polarity of rotation for the accelerometer and gyroscope

[image: C:\Users\amolki\Desktop\mag.png]

Figure 1-4: Orientation of axes of sensitivity for the magnetometer
Estimating Pitch and Roll using an Accelerometer

Measurements from a 3-axis accelerometer can be used to determine the pitch and roll of a body. Figure 1-5 illustrates how to determine the roll angle () using the output of an accelerometer and basic trigonometric functions. As shown in the figure, when the accelerometer is held horizontally with its Z-axis pointing upward, the accelerometer outputs a value of AZ = +1 g. In this orientation, the magnitude of the X and Y gravitational acceleration vectors equal AX = AY = 0 g, resulting in a summed magnitude of Asum = +1 g since the sensor is always subjected to gravitational force.
[image: C:\Users\amolki\Desktop\222.png]

Figure 1-5: Determining roll angle using accelerometer output
However, when the accelerometer is rolled about its X-axis by angle , the magnitudes of AY and AZ will vary depending on the roll angle, while the magnitude of AX remains 0. Equation 1-1 shows the relationship between the roll angle and AY and AZ acceleration components:

Equation 1-1


Note: The atan2 function computes the arctangent for angles in any of the four quadrants of a 2-dimensional plane, whereas the atan function computes the arctangent in only two quadrants. It is defined as follows:


Figure 1-6 illustrates how to determine the pitch () angle using the output of an accelerometer and basic trigonometric functions. Similar to the previous example, when the accelerometer is held horizontally with its Z-axis facing upward, the accelerometer outputs a value of AZ = +1 g. In this orientation, the magnitude of the X and Y gravitational acceleration vectors equal AX = AY = 0 g, resulting in a summed magnitude of Asum = +1 g since the sensor is only subjected to gravitational force.
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Figure 1-6: Determining pitch angle using accelerometer output
However, when the accelerometer is pitched about its Y-axis by angle θ, the magnitudes of AX and AZ will vary depending on the pitch angle, while the magnitude of AY remains 0. Equation 1-2 shows the relationship between the pitch angle and AX and AZ acceleration components:

Equation 1-2


Estimating Yaw using a Gyroscope

Unlike roll and pitch, yaw cannot be deduced from accelerometer measurements. This is because as a body yaws about the Z-axis, an accelerometer does not register changes in AX, AY, AZ. To counter this problem, the yaw of a body can be estimated using a gyroscope. A gyroscope measures the rate of angular change, or angular velocity. As such, in order to determine angular position, or yaw, one must integrate angular velocity about the Z axis with respect to time as shown in Equation 1-3:

Equation 1-3


Determining Earth’s Magnetic Heading using a Magnetometer

A magnetometer is a sensor that measures the strength of a magnetic field. The 3-axis magnetometer incorporated in the application board uses highly sensitive Hall sensor technology for detecting terrestrial magnetism along the X-, Y-, and Z-axes. With the advent of MEMS technology, magnetometers have been miniaturized to the extent that they can be incorporated in integrated circuits as micro-size digital compasses. Magnetometers are widely used in military and aerospace applications for positioning and establishing directional references.

It is important to note the existence of a discrepancy between Earth's magnetic north (the direction the north end of a compass needle points, corresponding to the direction of the Earth's magnetic field lines) and Earth's true north (the direction along a meridian towards the geographic North Pole). This discrepancy, called magnetic declination, is defined as the angle on the horizontal plane between magnetic north and true North. Magnetic declination varies both with time and geographical location.

Earth’s magnetic heading can be estimated by using the HX or HY components of a magnetometer output. This can be done by holding the magnetometer horizontally such that its Z-axis is pointed vertically downward. While monitoring the HX output, rotate the sensor on the horizontal plane. When the sensor outputs the maximum value of HX, the X-axis is pointing toward magnetic north.


[bookmark: _Toc516839849]1.2 Implement

The Virtual Instrument (VI) used to examine the behavior of the capacitive touch sensor is shown in Figure 1-7.

[image: ]
Figure 1-7: VI used for measuring the output of the IMU

Raw Accelerometer Output

1. Open Mechatronic Sensors Board.lvproj
2. From the Project Explorer window, open Mechatronic Sensors – Pressure.vi
3. Click on the Collect Data tab.
4. Run the VI.
5. Wait for the Initialized? LED indicator to turn on.
6. The direction of the axes of the accelerometer is silk screened on the IMU sensor. Hold the IMU sensor such that the accelerometer X-axis is pointing vertically upward. Record the value displayed in the A_X numeric indicator in Table 1-1.
7. Hold the IMU sensor such that the accelerometer X-axis is pointing vertically downward. Record the value displayed in the A_X numeric indicator in Table 1-1.
8. Repeat steps 7 and 8 for the accelerometer Y and Z axes and record your results in Table 1-1.

Table1-1: Raw accelerometer output
	Accelerometer Axis Direction
	Raw Output (g)

	X upward
	

	X downward
	

	Y upward
	

	Y downward
	

	Z upward
	

	Z downward
	



Examine Roll Angle

9. The VI implements Equation 1-1 to estimate the roll of the sensor. Hold the sensor in the horizontal plane with the accelerometer Z-axis pointing vertically upward. The Roll (deg) numeric indicator must output a value of 0. Slowly roll the sensor sideways (about the accelerometer’s X-axis) and examine changes in the Roll (deg) numeric indicator. Does the indicated roll angle polarity match the diagram shown in Figure 1-3?
10. Holding the sensor at a +45 degree roll angle. Make note of the A_Y and A_Z accelerometer outputs and use Equation 1-1 to estimate the roll angle. Does your calculation agree with the roll angle displayed in the VI?

Examine Pitch Angle

11. The VI implements Equation 1-2 to estimate the pitch of the sensor. Hold the sensor in the horizontal plane with the accelerometer Z-axis pointing vertically upward. The Pitch (deg) numeric indicator must output a value of 0. Slowly pitch the sensor downward (about the accelerometer’s Y-axis) and examine changes in the Pitch (deg) numeric indicator. Does the indicated pitch angle polarity match the diagram shown in Figure 1-3?
12. Pitch the sensor downward holding it at a +45 degree angle. Make note of the A_X and A_Z accelerometer outputs and use Equation 1-2 to estimate the pitch angle. Does your calculation agree with the pitch angle displayed in the VI?

Examine Yaw Angle

13. The VI estimates the yaw angle by integrating the Z-axis component of the gyro output. Hold the sensor in the horizontal plane and click the Gyro Reset button to zero the yaw angle.
14. While keeping the sensor level in the horizontal plane, slowly yaw it sideways. Examine changes in the Yaw (deg) numeric indicator. Does the indicated yaw angle polarity match the diagram shown in Figure 1-3?

Find Magnetic North

15. Determine magnetic North by holding the sensor in the horizontal plane with the magnetometer’s Z-axis pointing downward. Slowly rotate the sensor about the Z-axis and examine the H_Y numeric indicator. Determine the maximum and minimum values indicated by the H_Y numeric indicator. The direction of the Y-axis at which maximum H_Y value occurs points toward magnetic North.
16. Validate your finding with a device that indicates magnetic North (e.g. a compass). 
17. Stop the VI.
[bookmark: _Toc516839850]1.3 Analyze

1-1 Present the raw accelerometer data you recorded in Table 1-1.

1-2 When examining roll angles in Step 9, did the roll angle polarity match the diagram shown in Figure 1-3?

1-3 What are the A_Y and A_Z accelerometer outputs noted in Step 10? Using these values and Equation 1-1, calculate the sensor's roll angle. Show your calculations. Did your calculation agree with the roll angle displayed in the VI? 

1-4 When examining pitch angles in Step 11, did the polarity match the diagram shown in Figure 1-3?

1-5 What are the A_X and A_Z accelerometer outputs noted in Step 12? Using these values and Equation 1-2, calculate the sensor's pitch angle. Show your calculations. Did your calculation agree with the pitch angle displayed in the VI? 

1-6 When examining yaw angles in Step 14, did the polarity match the diagram shown in Figure 1-3?

1-7 What are the maximum and minimum H_Y values recorded in Step 16? Did you successfully validate your magnetic North finding?

[bookmark: _Toc516839851]Section 2: Design Considerations

2-1 As explained earlier in Section 1.1, angular position, or yaw, can be deduced by integrating the output of the gyroscope about the Z axis with respect to time. This process, however, leads to a common problem known as gyroscopic drift. Gyroscopic drift is unavoidable. Even expensive high-end models will have significant drift. The drift occurs because the process of integration not only integrates angular rate, but also integrates any bias and noise that is present in the sensor. Gyroscopic drift is more evident when the sensor is at rest.

Your task is to observe and quantify the drift present in the Sensor board’s gyroscope. To do this, run the VI, hold the sensor in the horizontal plane with the accelerometer’s Z axis pointing in the upward direction. Click the Gyro Reset button to zero the output of the Yaw (deg) numeric indicator. Using a stopwatch, estimate the average drift that you observe in terms of degrees per minute.


2-2 A sensor that outputs a fixed value when it should be measuring zero is said to exhibit a zero offset error. Magnetometers often exhibit zero offset errors along their axes of measurement. Two factors contribute to the error: hard-iron effects and soft-iron effects. Hard iron interferences are due to the sensor’s internal construction, which causes a constant additive value to the measured in addition to earth’s magnetic field. Soft iron interferences are caused by environmental conditions, e.g. the presence of nearby material which influences the measured magnetic field.

In practice, zero offset errors must be determined and corrected for when conducting an experiment. Your task is to quantify the zero offset error present in the magnetometer along its Y and Z axes. To do this, run the VI, click the Magnetometer Offset tab, and click the Plot button. Gently move the sensor within the magnetometer’s Y-Z plane. As you move the sensor, the waveform graph will plot the Y and Z components of the magnetometer. Once sufficient data has been plotted, you should expect to obtain a circular or elliptical pattern as shown in Figure 2-1. Identify the center of the ellipse and from there estimate the zero offset errors along the Y and Z axes. Take a screenshot of your results.
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Figure 2-1: Sample magnetometer offset error along the Y and Z axes


2-3 Deducing roll and pitch angles by applying Equations 1-1 and 1-2 to the accelerometer output introduces unwarranted mathematical singularities. Known as Euler singularities, they manifest themselves as incorrect roll and pitch angle measurements when the sensor is posed in certain orientations.  

Your task is to observe these singularities. Run the VI and wait for the Initialized? LED to turn on. Hold the IMU in the horizontal plane with the accelerometer Z-axis pointing upward such that the indicated roll and pitch angles are close to zero. Slowly pitch the IMU downward, while preventing any roll in the sensor. Observe how the indicated pitch value increases in the VI as the tilt increases. At the same time, closely observe the roll of the sensor. Since you are not rolling the sensor you would expect the VI to indicate a roll angle of close to 0 deg. However, as the pitch angle approaches +90 deg you will notice the roll angle very quickly increases. This unwarranted roll measurement is caused by the Euler singularity problem. Observe a similar singularity in the measured pitch as you roll the sensor sideways.

Using the raw accelerometer outputs (A_X, A_Y, and A_Z) and Equations 1-1 and 1-2, explain how these singularities occur.
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