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Exercise report:

Start with a separate cover page including:

• Course name (e.g. Robot Control)

• Exercise number and title (e.g. Exercise 5 – Manipulator Control II)

• Student name, personal number and email address

• Date when the exercise was performed and date when the report was submitted

The report itself can be very short, e. g. only a figure and/or some brief written explanation
per sub-task. Only include data which is necessary to show that the lab was successful and try
to answer the posed questions succinctly. Submit both, the report and your generated Matlab
files, via email until the deadline on May. 3. 2016 (before the next exercise session). Grading
will be based on the points indicated after each question. A total of 22 points (excluding bonus
points as indicated) can be achieved.

Main points covered:

• Computed torque (inverse dynamics) control

• Hybrid force/position control

• Impedance control

Introduction

Update your bMSd installation – it now contains a new visualization class MBSVisualizer

intended for faster in-the-loop visualization, as well as an Environment class which will be used
for the tasks in Sections 3 and 4. The environment is represented by a plane which responds
with spring-like behavior if a point tries to penetrate it. More specifically, consider the point
Ep =

[
Epx

Epy
Epz
]T

(expressed in the environment frame) as shown in the figure below.
Depending on the position of Ep, the environment responds with a (frictionless) reaction force
normal to the plane (along the negative x-axis direction)

Ef =


[
−kE

e px 0 0
]T

, if Epx > 0[
0 0 0

]T
, otherwise,

where ke is a constant describing the environment stiffness (set in member Environment.k_e_).
From the course website, you can download and run the script file test_environment which
demonstrates how to use the new classes.
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In these exercises, use again the ABB robot model in (./models/model_ABB.m) of the bMSd
simulator. Implement separate executable script files for each of the sub-tasks below, so that the
experiments can be run independently without changing your code (such as commenting/un-
commenting pieces and bits).

1 Computed Torque Joint Motion Control

1. Implement and tune the PD joint tracking computed torque control (CTC) scheme we
discussed in lecture 5. How does the least squares position error over the trajectory
compare to the gravity compensated PD scheme you experimented with in task 2.2 of the
previous exercise set (use the same reference motion profile). [3 pts]

2 Computed Torque Cartesian Motion Control

Now we want to track the Cartesian trajectory given in the Matlab struct traj.m on the course
website. The reference trajectory is represented by n desired Cartesian positions, velocities and
accelerations (struct members p_d, dp_d and ddp_d respectively), as well as desired end-effector
(ee) orientations, angular velocities and angular accelerations (members R_d, w_d and dw_d).
Note, that the orientations are represented as rotation matrices in R3×3, which member R_d

collects in a single matrix in R3×3n. Also given are the sampling time dt and the initial joint
value vector q_i.

1. Implement and tune the Cartesian PD-CTC scheme discussed in lecture 5. Use it to track
the given reference trajectory (starting from the given initial joint configuration) and
plot the position/velocity/acceleration errors over time (you can use the bMSd function
./rotation/R_err to compute the orientation error as we discussed in the lecture). Also
compute the accumulated least squares tracking error. [3 pts]

2. Simplify the control scheme to a Cartesian gravity PD controller. Rerun the tracking
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experiment and compute/visualize the same error quantities. How does the simplification
affect the tracking performance? [2 pts]

3 Hybrid Force/Position Control

Now we want to simulate a polishing task where the robot has to exert a force along the normal
direction of the environment specified in test_environment.m, while simultaneously executing
a circular motion in the environment plane. Note, that you’ll need to set the sampling time
rather small. This holds true not only in simulation – force control is usually carried out at
frequencies ≥ 1Khz and is due to the fact that stiff environments respond with large forces
even for small penetration distances.

1. Generate an initial manipulator joint configuration such that the ee point in environment

coordinates is Ep =
[
−0.02 0 0

]T
, and that the ee z-axis aligns with the environment

x-axis and the ee x-axis aligns with the environment y-axis. Furthermore, generate a valid
reference trajectory (spanning the first two derivatives): for the force in normal direction
x use a reference of 10−e−t, for the positions in the tangential directions encode a circular
motion using y = 0.1 cos t and z = 0.1 sin t. The ee orientation should remain constant
during motion execution. [2 pts]

2. Implement the hybrid force/position PD controller as shown in lecture 5. Tune it and
carry out several periods of the polishing motion assuming an environment stiffness of
ke = 5000N/m (remember that the controlled ee force is the negative of the environment
reaction force). Compute/visualize the same error quantities as in Section 2. [4 pts]

3. Bonus question: Augment the controller with an integrator – do you notice a sizable
performance improvement? [2 bonus pts]

4. Now carry out the same task but unexpectedly remove the environment (you can simply
set its position out of the manipulator’s reach via setting Environment.cf_e_.Matrix).
What happens? [1 pt]

4 Impedance Control

Now we consider the same scenario as before but we want to tackle the polishing problem with
an impedance controller.

1. Implement the impedance control scheme as discussed in lecture 5 – directly implement
it w.r.t. to the operational space given by the environment frame rather than Cartesian
space. [3 pts]

2. Consider the same polishing task – rather than setting a force along the normal direction
you now have to assign a motion profile terminating “inside” the environment such that
a force is generated according to the spring-like behavior of your impedance scheme.
Generate a corresponding motion profile along the environment x direction (you can use
./general_purpose/traj.m) which again should result in an interaction force of 10N
according to your chosen impedance parameters. [1 pt]
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3. Execute the polishing task and compare the results to the hybrid force/position controller.
[2 pts]

4. Again unexpectedly remove the environment in a separate experiment – how does the
resulting behavior compare to the hybrid force/position controller? [1 pt]
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