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[bookmark: _Toc149820551]Task 1: The model

[bookmark: _Toc149820552](a) Checking the limit switches
Solution
Interface test

[bookmark: _Toc149820553](b) Checking the encoder motors
Solution
Interface test

[bookmark: _Toc149820554](c) Checking the servomotors
In what range can axes 4-6 be rotated?
What is the difference between the servo drive and the drive with encoder motor?


Solution
[bookmark: _Toc149820555]Starting from the center position, each servo can be moved clockwise by 85.5 degrees and counterclockwise by 85.5 degrees.

The angular position of the servomotors is controlled absolutely by specifying a value between 0 and 512. The control electronics in the servo regulate the angular position of the axis to the specified setpoint. This means that no external limit switch or encoder is required, making the drive particularly light and space-saving. In contrast, the axes with encoder motor are controlled relative to their limit switch and the encoder is used for path measurement. 
(d) Checking the pneumatics
Use the interface test to check whether the vacuum gripper is working:

[bookmark: _Toc149820556](e) Pick and place
· Place a workpiece on the field labeled "Start" in the course.
· Use the interface test to move the robot so that the suction cup can pick up the workpiece.
· Use the interface test to control the compressor and the solenoid valve so that the workpiece is sucked in.
· Lift the workpiece, move the robot to target position B2 and place the workpiece there.

Solution
With the interface test control, it is not so easy to move the suction cup precisely to a specified target position. In the next tasks, we will learn how this task can be solved faster, more precisely and more reliably using a program.


[bookmark: _Toc149820557]Task 2: Reference run

[bookmark: _Toc149820558](a) Reference run of a single axis
Write a program that performs a reference run for axis 1. What happens if the limit switch of axis 1 is already pressed when the program is started?
Solution
If the limit switch is already pressed when the reference run is started, the motor is stopped immediately and the reference run is ended.

Bonus: With this type of reference run, depending on the speed, it can happen that the limit switch is sometimes slightly and sometimes fully depressed. As a result, the reference point is not precisely determined, which can have a negative impact on the positioning accuracy of the robot. Instead, the following refined reference run could be implemented:

1. The motor is switched to CCW and runs at full speed up to the limit switch, where it is stopped.
2. The motor is switched to CW and moves a small number of pulses (e.g. 50) away from the limit switch. The limit switch is then opened again.
3. The motor is switched to CCW, moves at half speed to the limit switch and is stopped there. Due to the slow movement, the switching point is hit as precisely as possible so that the angular deviation of the axis at the reference point is as small as possible.

[bookmark: _Toc149820559](b) Reference run with servomotor
Use the interface test to determine the control values at which the defined reference points for axes 4, 5 and 6 are reached. Write a program that moves the servos to these reference points.


Solution
Example program "Industrial_robots_2b.ft"
[bookmark: _Toc149820560](c) Reference run of all axes
Write a program that performs a reference run for all axes of the robot. To do this, combine the subroutines from tasks 2(a) and 2(b).
The reference runs of the individual axes should be executed one after the other.
Does the order in which the individual reference runs are carried out play a role?
Solution
Example program "Industrial_robots_2c.ft" 

The sequence of the individual reference runs is irrelevant for zeroing the individual axes. However, depending on the starting position, collisions with objects in the course, the environment or with the robot arm itself can occur if the sequence of the reference movements is not chosen correctly. The following sequence is favorable because it reduces the risk of a collision:

1. Reference run of axis 2: This raises the robot arm, which is always possible without collisions on our course.
2. Reference run of axis 4, 5 and 6
3. Reference run of axis 3: As the lower arm of the robot is moved very close to the upper arm during this reference run, the axes of the wrist (4, 5 and 6) had to be moved to their reference points beforehand.
4. Reference run of axis 1: In the folded position, the robot arm can be turned safely without colliding with objects on the course.
[bookmark: _Toc149820561]
Task 3: Controlling the axes

[bookmark: _Toc149820562](a) Control of the encoder motors
First, the encoder motor should move to a specified target position if the actual position is known. Once the target position has been reached, it should be saved as a new actual position in a variable so that subsequent subroutine calls can access it. 
Designs a subroutine that solves this task. In which direction does the motor rotate if target position > actual position applies? In which direction does the motor rotate if target position < actual position? What other cases need to be considered?
Solution
We make use of the convention defined in task 1(b), according to which the axis moves away from the limit switch when the motor is controlled with the direction of rotation CW. If the target position > actual position, the axis moves away from the limit switch, i.e. the motor must be controlled with CW according to the convention. Conversely, if the target position < actual position, the motor is controlled with the direction of rotation CCW. It should also be noted:

If target position = actual position, the motor does not move.
If target position = 0, the axis should perform a reference movement.

[bookmark: _Toc149820563](b) Conversion from degrees to pulses
Design a formula that can be used to convert a positioning angle of axis 1 (unit degrees) into a position value (steps) for the encoder motor M1. Take into account the gearbox, which consists of a gearwheel Z20, two gearwheels Z10, a worm and the slewing ring. Then implement the formula as a function in ROBO Pro Coding.


Solution
Let's start by collecting the following facts about the gearbox:

· The following applies to the slewing ring: 58 teeth per 360 degrees
· The following applies to the worm: 1 rotation of the worm per tooth
· The following applies to the gearbox from Z20-Z10-Z10: 1/2 rotation of the motor per 1 rotation of the worm gear
· The following applies to the motor: 63.9 steps per revolution of the motor
We multiply the above ratios together and obtain a conversion factor from degrees to steps:

58 teeth / 360 degrees * 1 revolution worm / 1 tooth * 0.5 revolution motor / 1 revolution worm * 63.9 steps / revolution motor = 5.1475 steps per degree
We note that the units tooth, revolution-motor and revolution-screw are shortened from the formula. This confirms that the specified conversion factor makes physical sense.

The formula you are looking for is therefore: Step position = 5.1475 * degree 

[bookmark: _Toc149820564](c) Combination of the subroutines
Combine the subroutines from task parts (a) and (b) so that axis 1 can be controlled by specifying an actuating angle between 0 and 270 degrees.
Design further subroutines analogous to task parts (a) and (b) so that axes 2 and 3 can be controlled in the same way.


Solution
[bookmark: _Toc149820565]Example program "Industrial_robots_3c.ft" (c) Conversion from degrees to servo control value
Write a function with which axis 4 can be controlled by specifying an actuating angle. Take the following boundary conditions into account:

· The setting angle in the center position is 0 degrees
· The axis of rotation points in the direction of the tool.
· When rotating clockwise around the axis of rotation, the setting angle becomes negative.
· When rotating counterclockwise around the axis of rotation, the setting angle becomes positive.
Solution
We use the interface test to determine the control value of the servo in its center position. In our model, the center position is reached at control value 256. However, due to tolerances in the structure, the center position of your robot may be reached at a different control value. In this case, you must adjust the actuating value in the formula below accordingly. Starting from the center position, the servo can be rotated +/- 85.5 degrees to the left and right by varying the servo's control value on a scale from 0 to 512. The conversion factor is therefore 512/(85.5 * 2) = 512/171 steps per degree. 
The formula for control is therefore: 
Control value = 256 + 512/171 * target position in degrees

[bookmark: _Toc149820566]Task 4: Forward kinematics

[bookmark: _Toc149820567](a) Theory and calculation
The angle of axis 2 is 70°, the angle of axis 3 is 45° and the angle of axis 5 is 30°. 
Calculate the coordinates of the TCP.
Solution
The TCP has the coordinates (-133.22, 0, 91.96).

[bookmark: _Toc149820568](b) Verification of the invoice
Use the subroutines from task part 3 and control axes 1-6 according to the positioning angles mentioned above. Now measure the position of the TCP with a ruler. 
Does the calculated position match the measured position?
Solution
Example program "Industrial_robots_4b.ft"



[bookmark: _Toc149820569]Task 5: Inverse kinematics

[bookmark: _Toc149820570](a) Theory and calculation
First determine the setting angle α of axis 1 graphically using a triangle.
Now find a formula to precisely calculate the setting angle of axis 1.
Solution
Using a triangle, we measure α ≈ 30°. To calculate α exactly, we use the third angle function, the tangent. This describes the ratio of the opposite cathetus to the adjacent cathetus for the angle α.

Using the inverse function of tangent, we can calculate  calculate



We have measured exactly.

[bookmark: _Toc149820571](b) Verification of the invoice
Use the subroutines from task part 3 and control axis 1 to the positioning angle measured/calculated in task part (a). Use the following positioning angles for the remaining axes:



	Axis
	Angle

	Axis 2
	70°

	Axis 3
	45°

	Axis 4
	0°

	Axis 5
	30°

	Axis 6
	0°



Now use a ruler to measure the position of the TCP. Does the position given in task a (-115.37, -66.61, 91.96) match the measured position?
Solution
Example program " Industrial_robots_4b.ft "

[bookmark: _Toc149820572](c) Ambiguities and singularities
Can you find another position of the articulated robot in which there is a singularity? You can also move axes 1, 2 and 3 again.
Solution
Another singularity occurs when the upper arm and the lower arm of the robot point vertically upwards, i.e. when axis 2 is set to 90 degrees and axis 3 to 180 degrees. In this case, the movement options of axes 1 and 4 are not independent of each other.



[bookmark: _Toc149820573]Task 6: Point control
[bookmark: _Toc149820574](a) Configuration file
Now look at the "Kinematics" section of a configuration file for the industrial robot model shown below. Use a ruler to check whether the specified lengths match the model from the assembly instructions.

kinematic:
# lengths (unit: mm)
l_1: 	92.5
l_2: 	150
l_4: 	140
l_5: 	67.5

l_6: 	33	 # vacuum gripper
Solution
The configuration is correct.

[bookmark: _Toc149820575](b) Pick and place with point control
Now write a program that controls the robot arm so that it picks up the workpiece from the start field and places it on a field of your choice in the warehouse (W1-W3, B1-B3, or R1-R3). Use the programming block pos_cartesian in RoboPro Coding to describe the movement of the robot arm.
Run your program. What do you notice?


Solution
Example program "Industrial_robots_6b.ft"

When pos_cartesian is called, the robot arm moves along the fastest path from the current starting point to the specified target point. The fastest path refers to the movement of the individual axes. As a result, the trajectory of the end effector between two points does not correspond to a straight line but to a non-linear path in space. 
Depending on how you have chosen the intermediate points after lifting and before placing the workpiece, it may even happen that the robot arm collides with the floor or the obstacle. To prevent this, you must describe the path more precisely with additional intermediate points.


[bookmark: _Toc149820576]Task 7: Teach-in

[bookmark: _Toc149820577](a) Teach-in interface
Familiarize yourself with the Teach-In interface and program a simple sequence consisting of five steps of your choice.
Solution
Example program "Industrial_robots_teachin.ft"

[bookmark: _Toc149820578](b) Programming a sequence
Use the Teach-In interface to program the following sequence:

Three blue workpieces are to be placed one after the other in storage locations B1 to B3. The operator places the workpieces one after the other on the start position, from where they are each picked up by the robot arm and then placed in one of the storage locations.
Solution
---


[bookmark: _Toc149820579]Task 8: Tool change

[bookmark: _Toc149820580](a) Conversion
Solution
See assembly instructions

[bookmark: _Toc149820581](b) Gripping task
Solution
Example program "Industrial_robots_8b.ft"
Note
Note the mobility of the sixth axis. The robot may have to "reach around" once at position B.
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