[bookmark: _Toc503859263][image: ]

Lab Manual: Mechatronic Systems Analysis 
Using the Quanser Mechatronic Systems Board for NI ELVIS III

[image: ]




Lab 2: Controlling Manipulators


© 2018 Quanser Inc., All Rights Reserved

Printed in Markham, Ontario.

This document and the software described in it are provided subject to a license agreement.  Neither the software nor this document may be used or copied except as specified under the terms of that license agreement. Quanser Inc. grants the following rights: a) The right to reproduce the work, to incorporate the work into one or more collections, and to reproduce the work as incorporated in the collections, b) to create and reproduce adaptations provided reasonable steps are taken to clearly identify the changes that were made to the original work, c) to distribute and publically perform the work including as incorporated in collections, and d) to distribute and publicly perform adaptations. The above rights may be exercised in all media and formats whether now known or hereafter devised. These rights are granted subject to and limited by the following restrictions: a) You may not exercise any of the rights granted to You in above in any manner that is primarily intended for or directed toward commercial advantage or private monetary compensation, and b) You must keep intact all copyright notices for the Work and provide the name Quanser Inc. for attribution. These restrictions may not be waved without express prior written permission of Quanser Inc.

LabVIEW and National Instruments are trademarks of National Instruments.

All other trademarks or product names are the property of their respective owners.


Additional Disclaimers: The reader assumes all risk of use of this resource and of all information, theories, and programs contained or described in it. This resource may contain technical inaccuracies, typographical errors, other errors and omissions, and out-of-date information. Neither the author nor the publisher assumes any responsibility or liability for any errors or omissions of any kind, to update any information, or for any infringement of any patent or other intellectual property right.

Neither the author nor the publisher makes any warranties of any kind, including without limitation any warranty as to the sufficiency of the resource or of any information, theories, or programs contained or described in it, and any warranty that use of any information, theories, or programs contained or described in the resource will not infringe any patent or other intellectual property right. THIS RESOURCE IS PROVIDED “AS IS.” ALL WARRANTIES, EITHER EXPRESS OR IMPLIED, INCLUDING, BUT NOT LIMITED TO, ANY AND ALL IMPLIEDWARRANTIES OFMERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF INTELLECTUAL PROPERTY RIGHTS, ARE DISCLAIMED.

No right or license is granted by publisher or author under any patent or other intellectual property right, expressly, or by implication or estoppel.

IN NO EVENT SHALL THE PUBLISHER OR THE AUTHOR BE LIABLE FOR ANY DIRECT, INDIRECT, SPECIAL, INCIDENTAL, COVER, ECONOMIC, OR CONSEQUENTIAL DAMAGES ARISING OUT OF THIS RESOURCE OR ANY INFORMATION, THEORIES, OR PROGRAMS CONTAINED OR DESCRIBED IN IT, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGES, AND EVEN IF CAUSED OR CONTRIBUTED TO BY THE NEGLIGENCE OF THE PUBLISHER, THE AUTHOR, OR OTHERS. Applicable law may not allow the exclusion or limitation of incidental or consequential damages, so the above limitation or exclusion may not apply to you.

[bookmark: _Toc514421309]Lab 2: Controlling Manipulators
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Figure 0-1: An industrial robot arm is a type of serial manipulator which utilizes task and joint-space control

[bookmark: _c0iuhjkroc0i]In many manipulator systems, control of the behaviour of the system is managed using joint level algorithms. The user specifies a joint position, and a closed loop control system is used to drive the joint to that value. Such is the case with the Quanser Mechatronic Systems board, as illustrated in the PID Joint Control lab. However, in most cases the user does not specify a joint position, but rather a task-space point relative to the end-effector. In such systems, the desired task-space position is first converted into a joint-space position, where the control action is applied. The actual joint position is then converted back into the task-space to be able to monitor where the system is actually going. A final step is then often taken to include an additional task-space controller to ensure that the path traversed by the manipulator is correct.

This type of control design separates the system’s kinematics from the path planning algorithm. Users can then use the same path planning algorithm on a variety of manipulators with different kinematics, because the task-space trajectories do not depend on the kinematics of the manipulator directly.
[bookmark: _Toc503859265]
[bookmark: _Toc514421310]Learning Objectives

[bookmark: _Toc503859266]After completing this lab, you should be able to complete the following activities.

1. Understand the purpose of proportional, derivative and integral feedback control

2. Tune PID gains to produce acceptable system responses

3. Describe the theory and application of forward kinematics

4. Describe the theory and application of inverse kinematics

5. Design a PID controller to produce a manipulator output with minimum error

6. Design a PID controller to produce a manipulator output with maximum tracking speed 


[bookmark: _Toc514421311]Required Tools and Technology
	[bookmark: _r1ylgc7r20cy][bookmark: _w6d414oloqts][bookmark: _Toc503859267][bookmark: _Toc503859271]Platform: NI ELVIS III
	· View User Manual 
http://www.ni.com/en-us/support/model.ni-elvis-iii.html

	[bookmark: _2lhe0v8ltu2o][bookmark: _Toc503859268]Hardware: Quanser Mechatronic Systems Board
	· View User Manual
http://www.ni.com/en-us/support/model.quanser-mechatronics-systems-board-for-ni-elvis-iii.html

	[bookmark: _Toc503859269]Software: LabVIEW
Version 18.0 or Later
Toolkits and Modules:
· LabVIEW Real-Time Module
· LabVIEW FPGA Module
· NI ELVIS III Toolkit
· Vision Acquisition Software
· Vision Development Module
	· 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: _9gwdittee375]

[bookmark: _Toc514421312]Expected Deliverables

In this lab, you will collect the following deliverables:

· Recorded behavior of a PID joint controller under P, PD and PID control
· Manually tuned gains for a PID controller to meet design requirements
· Recorded outputs of a forward kinematic algorithm
· Recorded outputs of an inverse kinematic algorithm
· Experimentally tuned gains for a PID controller to maximize velocity on a circular path
· Experimentally tuned gains for a PID controller to minimize position error on a square path

[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: _Toc514421313]Section 1: PID Joint Control

[bookmark: _Toc503859273][bookmark: _Toc514421314]1.1 Theory and Background

Response Characteristics

A typical response to a desired step signal of R0 at time t0 is shown in Figure 1-1. The maximum value of the response is denoted by the variable ymax and it occurs at a time tmax. The percent overshoot is found using the formula

Equation 1-1
.

From the initial step time t0, the time it takes for the response to reach its maximum value is,

Equation 1-2


This is called the peak time of the system.

[image: step_rsp_peak_time.png]
Figure 1-1 Standard second-order step response

Lastly, the difference between the desired value R0 and the actual value once the response settles, is called the steady state error ess.

Proportional Compensation

A proportional compensator drives the plant based on the difference between the current position of the system and the desired position. This contribution of this difference to the control response is tuned by the proportional gain kp which can be found either experimentally or calculated based on system requirements such as rise time. Greater proportional gain will result in a system with a shorter rise time, that is, the time needed for the system to reach point close to the desired position. However, since the system is constantly accelerating toward the setpoint, large proportional gains will generally lead to a system with large overshoot and a slow settling time, and oscillations about the desired set point.

Derivative Compensation

To deal with the overshoot and oscillation caused by a proportional compensator, many systems implement a derivative compensator in parallel. This compensator drives the plant based on the rate of change of the position error (or error velocity) of the system. As with proportional control, this derivative is magnified by the derivative gain kd. The derivative compensator effectively acts as added damping in underdamped systems. To improve the stability of systems with derivative compensation, low-pass filtering is often added to prevent spikes in the derivative component of the compensation due to signal noise.

Integral Compensation

In many cases, the combination of proportional and derivative gains will result in a system that does not settle sufficiently close to the setpoint. In this case, an integral compensator may be added. This compensator drives the system based on the accumulated error over time magnified by the integral gain ki. This component of the controller increases the longer the system remains far from the setpoint. As the integral gain responds to large changes in error, such as step changes in setpoint, it can cause the current value to overshoot the setpoint value.

PID Control

The proportional, integral, and derivative control can be expressed mathematically as follows

Equation 1-3


The corresponding block diagram is given in Figure 1-2. The control action is a sum of three terms referred to as proportional (P), integral (I) and derivative (D) control gain. The controller in equation 3 can also be described by the transfer function

Equation 1-4
.

[image: block_diagram_pid.png]
Figure 1-2: Block diagram of PID control

The functionality of the PID controller can be summarized as follows. The proportional term is based on the present error, the integral term depends on past errors, and the derivative term is a prediction of future errors. Attempts to implement such a PID controller may not lead to a good system response for real-world systems, because measured signals always include measurement noise. As described in the derivative compensation above, a low-pass filter is used to suppress measurement noise. The combination of a first order low-pass filter and the derivative term results in a high-pass filter H(s), which is used instead of the direct derivative.

A standard methodology in tuning the system gains manually consists of the following steps:
1. Set the derivative and integral gains to 0, and gradually increase the proportional gain till sustained oscillations are observed.
2. Increase the derivative gain gradually till the oscillations disappear and the system is critically damped. Any further damping will increase the rise time further. 
3. Increase the integral gain until the steady state error falls within the desired error threshold, while adjusting the proportional gain to compensate for additional overshoot.

This process is often iterative, especially when an integral term is used. The proportional and derivative gains may have to be tuned to compensate for the addition of the integral term. Retuning may also be required if the sampling rate changes, or the nature of disturbance in the system changes (for example, the damping in the joints).

Voltage Saturation

In proper control system design, the voltage commanded by the controller should never exceed the maximum voltage that can be handled by the system, in this case, being the supply voltage of the ELVIS III platform to the DC motor. The Mechatronic Systems board powers the motors from the 5 volt supply, meaning the command voltage limit is ±5 V. While there is a non-linear voltage saturation inherent in the electronics of the application board, it is useful to keep this limitation in mind when designing a controller as the system will not behave as predicted if the controller is commanding voltages outside this range.

[bookmark: _Toc503859282][bookmark: _Toc514421315]1.2 Implement

In this activity you will observe the internal workings of the PID controller. You will then go through the process of tuning a PID controller for a single motor to within required parameters.

1. Open the project Mechatronic Systems.lvproj, and under ELVIS III > Labs, open PID Joint Position Control.vi. Browse to the block diagram, and inside the loop labelled PID Joint Position Control Loop, open Discrete PID.vi. The contents of this VI should be similar to Figure 1-3.

[image: PID_block_diagram.PNG]
[bookmark: _Toc505343714]Figure 1-3: Internal structure of the PID control subVI

2. Compare this implementation of PID control to the block diagram shown in Figure 2. Note that this VI multiplies the error by the proportional gain, the integral of the error by the integral gain, and the derivative of the error by a derivative gain. Also note that the Integrator block must be added after the integral gain. If the integrator is added before, it will continue integrating the errors even if the integral gain is zero, which will cause large control commands when the integral gain is raised to a non-zero value for the first time.
3. Close Discrete PID.vi. Making sure that all the gain controls are set to zero, run PID Joint Position Control.vi. Once the Calibrated indicator is lit, hold the arm connected to motor 1 (closest to the front of the board) against the hard-stop between the arms, preventing any motion.
4. While holding this arm still, increase the kp gain to 0.5. Capture a plot of the system response at this gain.
5. Capture two more response plots, first with kp=1.5, and then kp=3.0.
6. Find a proportional gain that gives the response a peak time of less than 0.5 seconds, with as little overshoot as possible. Record the gain, and note the other behavior of the manipulator (overshoot and settling time).
7. Increase kd to 0.25, and then set kp to 5. Capture a plot of the system response with these settings.
8. Capture two more response plots, first with kd=0.5, and then kd=1.5.
9. Set the gains to kp=5 and kd=0.65, and record the steady state error.
10. Keeping the previous kp and kd gains, set ki = 0.5. Capture a plot of the system response with these settings.
11. Capture two more response plots, first with ki=1, and then ki=1.5.
12. Set kp, kd and ki gains to 5, 0.65 and 1 respectively.
13. Tune the PID gains so that the system meets the following requirements:
a. Peak overshoot less than 5%
b. Peak time of 0.5 seconds
c. Steady state error less than ±2%
14. Record the gains when the system meets these requirements. 
15. Capture both the response plot and the command voltage plot for this state.

[bookmark: _Toc503859283][bookmark: _Toc514421316]1.3 Analyze

1-1 Describe how the proportional gain kp should theoretically affect the system response. Based on your expectations, comment on your plots and results from steps 4 and 5.

1-2 What was your gain in step 6? Based on the response, is it practical to use purely proportional control? Why or why not?

1-3 Describe how the derivative gain kd should theoretically affect the system response. Based on your expectations, comment on your plots and results from steps 7 and 8.

1-4 How can the steady state error in step 9 of the lab procedure be eliminated? Explain how this works from a theoretical standpoint.

1-5 Comment on your plots and results from steps 10 and 11.

1-6 What were the PID gains required to meet the response requirements? Attach your response plot with the requirements met.

1-7 Describe your tuning process, were there any requirements which were more difficult to achieve than others?

1-8 Analyze the command voltage plot. What is the peak commanded voltage? Is this problematic?

1-9 How might the position command be modified to mitigate any issues with the command voltage?
[bookmark: _Toc503859284]

[bookmark: _Toc514421317]Section 2: Forward Kinematics

[bookmark: _Toc503859285][bookmark: _Toc514421318]2.1 Theory and Background

Kinematic Equations

For any robotic system, forward kinematics involves determining the end-effector position, given the manipulator state. For the Mechatronic Systems Board manipulator shown in Figure 2-1, this formally corresponds to finding the task-space (end effector) coordinates

Equation 2-1
,

given the joint-space coordinates

Equation 2-2
.
[image: QNET_MS_mechanical.png]
Figure 2-1 Mechatronic Systems Board kinematic diagram

The forward kinematics equations can be developed by first relating the coordinate positions of frame {2} and {3} in terms of 

Equation 2-3


Followed by relating them to the position of frame {4}, that is, 

Equation 2-4


The link parameters for the Mechatronic Systems board are provided in Table 2-1.

[bookmark: _Toc504395609]Table 2-1 Application board kinematic parameters
	Parameter
	Description
	Value

	L0
	Fixed length between two motors
	7.6 cm

	L1
	Length of links {0}-{2} and {1}-{3}
	8.4 cm

	L2
	Length of links {2}-{4} and {3}-{4}
	12.6 cm



[bookmark: _Toc503859288][bookmark: _Toc514421319]2.2 Implement

1. Open the project Mechatronic Systems.lvproj, and under ELVIS III > Labs, open Forward Kinematics.vi. Browse to the block diagram, and inside the loop labelled Forward Kinematics Loop, open the subVI labelled Fwd Kin.vi.
2. Complete the model using vales in table 2-1. The code is based on Equations 2-3 and 2-4.
3. Test the VI with the following values for  and record the coordinate outputs.

4. Close For Kin.vi and run Forward Kinematics.vi. Wait for the Calibrated  indicator to be lit. Affix the coloured city map in position under the manipulator arm, with the airport symbol close to the motors.
5. Move the manipulator around manually to the airport ([image: ]), school ([image: ]), and library ([image: ]) symbols, and try to get them as close to the center of the image as possible. Record the coordinates of the symbols.
6. With the VI still running, manually move the manipulator around the extreme limits of the task space. Capture a plot of the manipulator path which shows the entire outline of the workspace.
7. Stop the VI.

[bookmark: _Toc503859289][bookmark: _Toc514421320]2.3 Analyze

2-1 Report your results from step 3. What do these task coordinates represent?

2-2 Table 2-2 gives the theoretical coordinates of several of the icons. Compare these coordinates to those you recorded in step 5. Are they similar? If there is error, comment on possible causes.

Table 2-2 Theoretical symbol coordinates
	Symbol
	Ex
	Ey

	[image: ]
	4.7 cm
	6.3 cm

	[image: ]
	6.3 cm
	12.3 cm

	[image: ]
	6.9 cm
	17.8 cm




2-3 Is the task space you outlined in step 6 symmetric? Why or why not? Explain.


[bookmark: _Toc514421321]Section 3: Inverse Kinematics

[bookmark: _Toc514421322]3.1 Theory and Background

Kinematic Equations

For any robotic system, inverse kinematics involves determining the manipulator state given the end-effector position. For the Mechatronic Systems Board manipulator shown in Figure 3-1, this formally corresponds to finding the joint-space coordinates

Equation 3-1
,

given the joint-space coordinates

Equation 3-2
.

[image: ]
Figure 3-1: Mechatronic Systems Board kinematic diagram

The forward kinematics equations can be developed using a geometric approach as follows:

Equation 3-3


Equation 3-4


Note that using the inverse cosine works for this situation, because β and δ are in the open interval (0,π).

The link parameters for the application board are provided in Table 3-1.

Table 3-1: Application board kinematic parameters
	Parameter
	Description
	Value

	L0
	Fixed length between two motors
	7.6 cm

	L1
	Length of links {0}-{2} and {1}-{3}
	8.4 cm

	L2
	Length of links {2}-{4} and {3}-{4}
	12.6 cm



[bookmark: _Toc514421323]3.2 Implement

1. Open the project Mechatronic Systems.lvproj, and under ELVIS III > Labs, open Inverse Kinematics.vi. Browse to the block diagram, and inside the loop labelled Inverse Kinematics Loop, open the subVI labelled Inv Kin.vi.
2. Complete the model using the values in table 3-1. The code is based on Equations 3-3 and 3-4.
3. Test the VI with the following values for  and record the joint coordinate outputs.

4. Table 3-2 gives the theoretical location of several of the symbols on the map. Use Inv Kin.vi to convert these locations to joint-space angles.

Table 3-2: Theoretical symbol coordinates
	Symbol
	Ex
	Ey

	[image: ]
	4.7 cm
	6.3 cm

	[image: ]
	6.3 cm
	12.3 cm

	[image: ]
	6.9 cm
	17.8 cm



5. Close Inv Kin.vi and run Inverse Kinematics.vi. Wait for the Calibrated indicator to be lit. Affix the coloured city map in position under the manipulator arm with the airport symbol close to the motors.
6. Move the manipulator around manually to the Airport ([image: ]), School ([image: ]), and Library ([image: ]) symbols, and try to get them as close to the center of the image as possible. Record the joint coordinates of the symbols.
7. With the VI still running, manually move the manipulator around the extreme limits of the joint-space. Record the limits of the joint angles.
8. Stop the VI.

[bookmark: _Toc514421324]3.3 Analyze

3-1 Comment on your results from step 3. Where do these task-space coordinates fall in the joint-space?

3-2 Refer back to your joint-space angles found in step 6. Compare these coordinates to those you recorded in step 6. Are they similar? If there is error, comment on possible causes.

3-3 Based on the limits on the joint angles observed in step 7, what limits would you place on the commanded angles to prevent stalling the motors? Would this be more or less practical than placing limits on the task-space commands for the end-effector?


[bookmark: _Toc514421325]Section 4: Manipulator Control

[image: Systems Diagram - Manipulator Control]

[bookmark: _Toc514421326]4.1 Theory and Background

Task-space Control

In many cases, the user might require the end-effector position  to follow certain trajectories, which belong in the task-space , i.e.,

Equation 4-1


However, the actual control is carried out in joint-space , by following the joint trajectories 

Equation 4-2


This is accomplished through the use of inverse kinematics, forward kinematics and joint-space PID control, as shown in Figure 4-1. For more information on these processes, refer to the process level concept labs. Inverse kinematics converts the desired trajectory in task-space into a desired trajectory in joint-space. After implementing a PID controller in joint-space, the actual joint-space trajectories are converted back to task-space to compare them with the desired, as well as provide the end-effector orientation.

[image: ]
Figure 4-1: Task-space manipulator control loop

[bookmark: _Toc514421327]4.2 Implement

Manipulator Control Challenge

In this challenge, the Mechatronic Systems board manipulator must traverse a circular and square trajectory quickly and with low error. The trajectory generator for the circular path is decoupled from the manipulator controller, meaning the manipulator is constantly trying to catch up to the desired setpoint. The square trajectory is dependent on the manipulator controller, meaning the setpoint is commanded from an external supervisory loop which doesn’t command a new point until the current point is reached within a threshold. This way, every point along the trajectory is guaranteed to be reached at least once. This is useful in situations such as line-following, where new setpoints are generated from images taken by a sensor (camera) attached to the end-effector, which must be able to see the next desired point.

1. Open the project Mechatronic Systems.lvproj, and under ELVIS III > Labs, open Manipulator Control.vi.
2. Browse to the block diagram and observe that the manipulator control loop is structurally similar to that shown in Figure 4-1.

Minimizing Average Error

This system has been programmed to follow the desired trajectory points for 30 seconds, and calculate the average error using average value theorem. The defualt PID gains need to be tuned for proper performance.

3. Run the VI and wait for the Calibrated indicator to be lit.
4. Select the Circle trajectory and experiment with various PID gains, pressing Start Test to validate a particular set of gains.
5. Tune the PID gains to get an average task-space error of less than 0.15 cm.
6. Record your resultant gains and capture a plot of the path followed by the manipulator

Hint: The magnitude of the kp and ki gains in the PID Joint Control lab procedure were on the order of 5 and 1, respectively. This made sense because the desired set-point was 1 rad apart. Thus, when the system would view a 1 rad difference, it would apply a 5 V command. However, in these challenges as well as goal-directed line following algorithms you might encounter later, desired set points are very close by, for example, 1° (0.017 rad) apart. In such a case, the system will only apply 0.085V, which will not be sufficient to overcome friction. Thus, the gains have to be significantly higher than those in the PID Position Control laboratory experiment. Using higher gains provides higher control sensitivity when small error magnitudes are involved.

Minimizing Average Error and Loop Time

7. Change the trajectory to Square. This will present a different challenge as the manipulator will build up more momentum in long straight paths.
8. Set the Error Threshold to 0.3 in order to ensure the manipulator follows the desired path. Try running the controller.
9. Tune the PID gains to get an average task-space error less than 0.22 cm with a time per loop of no more than 3 s (at least 10 loops per test).
10. Record the final tuned PID gains, and capture a plot of the path followed by the manipulator.
11. Change the Error Threshold to 0.1 and observe the change in performance. Consider the relationship between the common design considerations for tuning a manipulator controller including task-space error, speed, command voltage, etc.
12. [bookmark: _GoBack]Stop the VI.
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