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Give your answers to ALL problems directly
below the questions in the exam question sheet.

You are NOT allowed to use a pencil and also NOT red
color (red color is used for corrections).

This exam “Control Technique” is taken by me as a

O mandatory (Pflichtfach)

O elective (Wahlfach)

O prerequsite (Auflage)

subject (Cross ONE option according to your own situation).

Maximum achievable points: 80
Minimum points for the grade 1,0: 95%
Minimum points for the grade 4,0: 50%




UNIVERSITAT DUISBURG-ESSEN

Fakultét fiir Ingenieurwissenschaften, Abt. Maschinenbau und Verfahrenstechnik

Lehrstuhl Steuerung, Regelung und Systemdynamik

Control Technique - 3253 February 12, 2010

Page 4

Problem 1 (13 points)

The following technical system is used to control a shaft with the help of two magnetic radial
bearings and a single magnetic axial bearing. In this case the fully electromagnetic bearing must
be controlled for all three planar movement directions (zi,x9,2) simultaneously (from: Roddeck,
W.: Einfihrung in die Mechatronik. 2. Aufl. B. G. Teubner Verlag, Stuttgart, 2003) (refer to
Fig. 1.1).

Power-
amplifier

»
Lt

h 4

ZAQ/.

Sensor

Radial bearing 1 Radial bearing 2

Axial i)earing

A

h 4

Controller

A

Figure 1.1: Control of an axle by two magnetic radial bearings and a magnetic axial bearing
(Roddeck, W.: Einfihrung in die Mechatronik, pp. 425)

The position of the rotor at the measuring points has to be controlled in the static state when
only exposed to the gravitational field of the earth as well as in a rotating state related to the
indicated central positions.



UNIVERSITAT DUISBURG-ESSEN

Fakultét fiir Ingenieurwissenschaften, Abt. Maschinenbau und Verfahrenstechnik

Lehrstuhl Steuerung, Regelung und Systemdynamik

Control Technique - 3253 February 12", 2010

Page 5
a) (3 points)
Draw the control loops of the three coordinate directions xy, x5, and z shown in the Fig. 1.1
separately. Label the elements, the signals, and additionally the control error and the control
signal with both, the nomenclatures of control technique and with the terms used in the
illustrated example.
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b) (1 point)
Classify the input/output behavior described by the equation 4y + 2y = 34 + 5i with u
defining the output and y the input of the system.

[]

¢) (2 points)
Regarding the input/output behavior described in problem 1b), determine the values of the
time constant T' of the dynamics and the integrational time constant 777
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d) (2 points)
The step responses of a front chassis of a new experimental vehicle are measured as illustrated
in Fig. 1.2.

h(t) h(t)

(a) tlsec] ° (b) t[sec|

Figure 1.2: Step responses

Give the describing differential equations of the underlying systems with u as output and y
as input.

[]

e) (2 points)
Which central physical difference is illustrated in the transfer behavior given in Fig. 1.2 (a)
and (b)?

Which parameter describes (depending on the value) the ability of the system to have a
transfer behavior such as illustrated in Fig. 1.2(a) as well as Fig. 1.2(b) precisely?
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f) (2 points)
The simplified description of the dynamic behavior of a valve-controlled hydraulic cylinder
can be expressed by the equations

E

) E )
PR = A (@ — Apt), and
B

mi = pAAA - pBAB - Fext

where pap @ pressure in chamber A or B
Aap : pressurized area in chamber A or B
Vap @ volume of the chamber A or B

Qap : volume flow of the chamber A or B
E : bulk modulus

m : mass
x : position of cylinder rod
I : external applied force

and the signal # to be measured.
The matrices A and C of the state space representation are

Va
—Eml o C0=[0 0 1].

0 0
A=10 0
Ax  _Ap 0

Considering m = 0.5, Ay = Ag = Vi =2, and Vg = 1, calculate the eigenvalues of the system
as a function of F.
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g) (1 point)
In principle, which serious advice for the controller design for the control of a pure integral
system (ITo-transfer behavior) can you state, when the controller design particularly addresses
the realization of stationary accuracy and oscillations should not be additionally stimulated.
State reasons.

> O
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Problem 2 (18 points)
The block diagram of a suspended ball (refer to Fig. 2.1) is given in Fig. 2.2. The ball is modeled
as a mass point with the mass m. The position of the ball is controlled by a magnetic force f,
which is generated by the actuator of the system. The force depends on the position x of the ball
and the current i in the coil of the actuator. The position of the ball is measured by a sensor.

Actuator —mm —» I

Ball — >

L

Figure 2.1: Suspended ball (www.techgalerie.de)

Based on the sensor signal, the control signal i, is calculated by a controller. For minimizing noise
signals from the sensor, a filter can be used additionally.

Switch
Sy :
Sensor: o Filter .
> Da wo, kl y @
(PT2) @ >z +.
Ss :
. Controller:
Zr Kra Td < Ur
(PD)

Figure 2.2: Block diagram of a suspended ball
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a) (5 points)
In Fig. 2.2, the actuator dynamics is assumed to be linear. However, measurements show
the relation

f_ko((ib+i)2 B (ib—i)2>,

(so —x)% (s +x)?

where: kg : system constant,

i, @ bias current (constant),
So @ air gap (constant),
i : coil current (control signal), and

x : displacement of the ball.

Determine the parameters k; and kg from the linear relation
fi,z) = ki + ks
with respect to the working point (ip = 0, zq = 0).
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[]

b) (5 points)
Draw the step responses of the elements (2) and (3), qualitatively. Give the differential
equations of the elements (1), 2), and (3).
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¢) (3 points)
Classify the transfer behavior of the plant without filter (switch positon S,).
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d) (3 points)
Assume the sensor can be described by the following differential equation

10787+ 107% +y = .

Is the plant behavior stable without filter (switch positon Sy) (m, ks > 0)? State reasons.
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e) (2 points)
For the purpose of signal conditioning, a filter (element (1)) can be activated (switch position
S1). The transfer function of the filter is measured as shown in Fig. 2.3.

I I I I I I I I I I I I
00.001 0.003 0.005 0.007 0.009 0.011 0.013 0.015 0.017 0.019 0.021 0.023 0.025

time [sec|

Figure 2.3: Experimental estimated transfer function of the filter

Classify the transfer behavior of the filter by neglecting the messurement noise. Determine
the parameters of the underlying differential equation from the Fig. 2.3.
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Problem 3 (12 points)

a) (3 points)
Calculate the inverse Laplace transform u(t) of the function

s+ 1

Uls) = s2(s24+2s+1)
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b) (4 points)
A PIDT,T;-System can be described by the differential equation

. . 1 [
Tww+y=K u(t—Tt)+TDu(t—Tt)+T/ u(T—Tt)dT] )
IJo
State the input/output behavior of the system in form of the corresponding transfer function.
Determine the cut-off frequencies in terms of the parameters K, T, Tp, 11, and T; depending
on the conditions

1 1
K. 1T,,Ip, T, T, > 0, 11 < 4T, d — > .
y 41, 4Dy L1, 1t ) 1 D an Tl \/m

Draw the Bode diagram qualitatively and indicate the cut-off frequencies as well as the
gradients of the approximated courses.
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¢) (2 points)
A transfer element with PDT;-behavior is connected to a transfer element with PI-behavior
as controller in positive feedback.
Determine the transfer function of the open-loop system Go(s).

[]

d) (3 points)
A control system with negative feedback has to be analyzed. The system consists of a stable
PTs-element with one conjugate-complex pole pair as well as a controller with PIT;-behavior.

According to the qualitatively drawn root locus of the system, explain that the system
becomes unstable for large gains.

> O
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Problem 4 (20 points)
For an electric drive a control for the position of the rotor ¢ has to be designed. The angu-
lar velocity w(t) = $(t) of the rotor dependending on the terminal voltage u(t) can be stated
approximately by

T //w(t) dt dt+T1/w(t) dt + wo(t) = kl/u(t) dt + ks //u(t) dt dt.

The position control has to be realized by a controller with the transfer behavior

1

T u(t) dt = kg o(t).

The control loop is closed by negative feedback.

a) (6 points)
Classify the transfer behavior Gp(s) = i((g

Ge(s) = Z(S) of the controller. State the transfer function of the open-loop system Go(s)

()
and classify the corresponding transfer behavior.

of the plant as well as the transfer behavior
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b) (2 points)
State the transfer function G(s) of the entire system (electric drive with position control
(negative feedback)) and classify the transfer behavior.
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c¢) (6 points)
Three systems are controlled by a controller with P-behavior (negative feedback). For each
transfer function of the open loops, the zeros, and the poles are given as follows:

System 1:

Zeros: Sop1 = —3+1 Sgo=—3—1 Sp3=2

Poles: 51 =—1+471; So=—1—1; s3=0.1

System 2:

Zeros: So1 = -2+ 22, Sp2 — —2—-2

Poles: 51 =1+41; So=1—1; s3=—0.1; s4=-1
System 3:

Zeros: So1 = —2, Sp2 = -1

Poles: S$1 =2+ 1; Sg=2—1

Determine by using qualitively drawn root loci which system to prefer in terms of stability
and maximal damping. Give the transfer function G(s) of this system.
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d) (6 points)
A plant Gp(s) with the dynamic transfer behavior

441
G = ——2
)= s e
has to be controlled by a negative feedback controller. The controller transfer function is
given by
4
G = .
ols) 25 +1

Determine the transfer function of the open-loop system as well as the zeros and the poles.
Furthermore, draw both Bode diagram and Nyquist plot for the corresponding system, qual-
itively. Determine the gain margin and the phase margin of the system graphically by using
the Bode diagram.
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A hydraulic motor and an amplifier are connected in series (refer to Fig. 5.1).

u n

—» Amplifier ———p| Hydraulic motor

Y2
e

Figure 5.1: System

The behavior of the hydraulic motor can be stated approximately by

1

G =3
u(s) 252 + 454+ 2

The transfer behavior of the amplifier can be described as

10 4 2s

Gals) = s242s+1°

a) (9 points)

Give the state space representation and the eigenvalues as well as at least two eigenvectors

for the entire system.
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In the following, a simplified description of the entire system is given by
10 4 7~
G(s) = Tis

§3+4s2 +Tis+2°
In order to control the system, a controller with the transfer behavior
Go(s) = Ke(s +2)
has to be connected to the system (negative feedback).

b) (4 points)
Give the Hurwitz matrix for the parameters K¢ = 0.2 and T; = 3 for the closed-loop system.
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In the following, for the closed-loop system, the simplified transfer function

10s +1
s*+4s3 + 552+ Tis+ 1

G(s) =

has to be used.

c) (4 points)
For which values of the parameter 7} is the closed-loop system stable? (Hint: 9 < /84 < 10)




