Exam Mechatronics, 27 February 2014
Name: Student ID:

Exercise 1 (25 points)

Note that the Euler-Lagrange equations are given by
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where L is the Lagrangian, D the Rayleigh dissipation function, and G the input matrix.
Consider the levitated ball as a base system that can be found in many mechatronic applications as
follows
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gm

The system consists of an iron ball with mass m which is placed in a vertical magnetic field which
is introduced by an electromagnet. The position of the ball ¢,, is measured from the surface of the
ball to the electromagnet, and ¢, is the electric current through the inductor L(g,,). Assume that the
inductor is linear with respect to the voltage u and that we do not have any parasitic effects. The
gravitational force is given as Fy = mg. The inductance is defined as L(gy,) = Fanyz Where ais a
design constant, and 3 the maximal distance of the ball to the electromagnet.

a). Provide the Euler-Lagrange equations of the above system in terms of the ball position #-and-the
beam-angle#: Motivate your answer! (10 points) Note: if this is a problem, you may consider
to determine the equations of motion according to the standard conservation laws. (in that case
7 points).
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b). How many states are minimally needed to describe the above system provided that we are in-
terested in the position g,,,? Motivate your answer! (5 points).
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¢). Provide state space equations of the system. Motivate your answer! (5 points).
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d). Provide state space equations of the system in terms of the position g¢,,, the momenta p,,, and
the flux .. If you did not use them for your answer to c), how are these descriptions related to
each other? Are there other state space descriptions possible? Motivate your answer! (5 points).
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Exercise 2 (15 points)

Consider a ball and beam system incorporated in many mechatronic systems where a balance is nec-
essary. The actuation is done by a motor in the middle of the beam. See the system below

[

m is the ball mass, x is the translational position (with positive direction pointing downward), 6 is
the angle of the beam shaft (which can be controlled by the motor). Furthermore, the gravitational
constant is given by g, I is the moment of inertia of the beam, and r is the effective radius of the ball
in the shaft.

The (very) simplified equation of motion is given by

<m+%>dﬁ=m99

a). Provide the transfer function from the angle of the beam 8 to the position of the ball z. Analyze
the stability of the system. (3 points)
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b). For controller design we have to consider the discretization. Apply the bilinear and the back-
ward Euler approximations given on page 4, and determine the corresponding difference equa-

tions! (6 points).
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¢). Analyze the stability of the discretized systems. Are the stability properties of the original

continuous time system preserved? Does the choice for 7" make a difference?

answer! (6 points).

Motivate your
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Exercise 3 (30 points )

This exercise concerns stability of systems with delay. The open-loop transfer function is denoted
by Tor. The phase margin v = 7 + £Tp1(jw,), and the gain margin k, = m are two
measures that are derived from the Nyquist criterion, in order to answer if the system is stable and
how far the system is from stability. Figure 13.8 shows the polar plot of an open-loop transfer function
marked with the bold line. The figure shows the frequency w, where the open-loop transfer function
magnitude become unity, and the frequency w, for which the phase angle of the open-loop transfer
function is —r.
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Re [Tor (jo)]

+1

Figure 13.8. Graphical interpretation of stability margins.

a). Explain the Nyquist stability criterion. (5 p)
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Mechanical
q systems
G(s)
Delay Controller | + Reference
T seconds C(s) < signal T
b).

Suppose the transfer function of the mechanical system is given by G(s) = m, the con-
troller is given by C(s) = /36 and the time delay is 7' = 4 seconds. Recall that the open-loop
transfer function without delay is given by Tor,(s) = G(s)C(s), and that the open-loop transfer
function with the time delay is given by To1(s) = G(s)C(s)e~*T. :

1) Determine wy, i.e. determine at what frequency the open-loop transfer function magnitude is
equal to one. 2) Why is the value of w, independent of the time delay? (8 p)
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c). Consider the same system as in b). Based on w, obtained in b), determine the phase margin -y
for the open-loop system with the time delay. (8 p)
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d). Based on your answer in c), determine if the closed-loop system W1th time delay is stable. Mo-
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e). Determine the critical time delay where the system remains stable, i.e. for what T do we have
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Exercise 4 (15 points)

Consider a drone as is used last week by a guy who made a movie from the Python in the Efteling
(the Python is a rollercoaster) from the air. Though it was formally not allowed to do this (safety),
the Efteling likes the movie. In general, drones can also be used for surveillance in e.g. hazardous
environments. Often quadrobots are used for such task, i.e., a system with 4 rotors that allows the
system to hover above the object it is inspecting.

a). Identify two possible user demands, two possible functional requirements (FR) and two possi-

(U

ble design parameters (DP). (8 points)
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b). Provide the blocks for the Mechatronic design cycle (or V diagram) for the design of a drone

for inspection purposes. (7 points)
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Exercise 5 (15 points)

Consider the wafer steppers built by ASML, i.e.,

where the right picture shows the long stroke wafer stage, of which the motion needs to be controlled
at nanometer level.

a). Recall that the precision positioning system at first is able to accelerate, and when it goes to the
scanning phase, it needs to be more precise, and thus have less problems with noise. Now con-
sider the following control scheme with a deadzone nonlinearity ¢(e), and the error response,

respectively.
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The first part of the error response is the acceleration phase, and the 2nd part the scanning phase.
Why is the deadzone nonlinearity useful? (S points).
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b). Now consider the following scheme (left figure) of a linear plant with a nonlinearity (the bottom
block) in the loop. Here N.L. is the nonlinear function ¢.
y 1
Gp) .
- . Im(G(jw))
D{k1,k2)
{N L.
-1kl -1k2 .
Re(G(Gw))

The bottom figure represents a circle as can be used in the Circle criterion (which is an exten-
sion of the Nyquist criterion). Please provide the Circle criterium with help of this picture. (10
points).
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