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ABSTRACT

    The  University of  Siegen is participating in several  yirtual

laboratory projects in the field of automatic  control  engineering,

mechatronics  and  telematics. The emphasis  is on  the remote

control  of  real  laboratory experiments  via  Internet. One  of  these

online  experiments  is the "Swinging

 Rod'' test-platform for
vibration  damping of a  flexible structure. Robots, aerospace

structures, active  earthquake-dainping  devices of  tall buildings
and  active  sound  suppression  are  examples,  where  the active

vibration  control  and  positioning control  ef  the structures  become
eyident.  Thcrefore students  should  bc more  adverted  to this topic

during their studies  at universities.

INTRODUCTION

    In the sequel  a  detailed work  about the Swinging Rod
platform is giyen, It can  be considered  as a flexible robet  arm,

which  moves  in a  yertical  plane and  gets excited  with  a  DC  motor,

In order to achieve  the goal of  the vibration  damping, seyeral
topics will  be mentioned,  which  include the modeling  and  control

of  the Swinging Rod. Finally the E-Learning  part wilt  be
explained,  which  consists  of a remote  control  interface, tutorials
and  online-test for the students.

    The vibration  damping approach  includes first the modeling
of  the Swinging Rod and  the transforrnation of  the derived model
into modal  coordinates,  The medal  representation  is used

intentionally due to its cornpactness,  simplicity  and  explicit

physical interpretation. Then properties ofthe  structures,  such  as

controllability and  observability grammians,  and  norms  of  the
modeled  system, will  also be derived and  explained. These
properties will  be used  for the sensor placement and  model

reduction  procedure. The proper positions for a maximum  of  five
sensors  wirl  be selected  from  the 40 candidates  along  the fiexible
beam, After model  reduction  and  sensor  placemeng the LQG  and

optimal  contrellers  will  be designed for actiye  darnping and

positioning control  of  the Swinging Rod.

    The experirnental  setup is presented in figure 1, and  shows

that the fiexible rod  is fixed on the motor's shaft  and  points
downward, The  motor  is used  for disturbing the system  (setting
the rod  into vibration)  and  also for centrolling the system  (as an
actuator).  Different sensors  are  uscd  on  the Swinging Rod  for
measuring  the vibration.  The  rnotor  itself has a  four-quadrant
encoder  built-in for the rotationar  angle  measurement,  the tip

position ofthe  rod  (bottom position) is measurcd  with a position

sensitive detector and  finally the bending of the rod

analyzed  with  strain  gauges, The physical propenies
fiexible beam are  specified  in the annex  at table 1.
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1 : Schematic drawing of  the

SWINGING  ROD  MODELING

Swinging Rod

itself is
 of  the

     The mathematical  model  is derived using  the Lagrange
formalism, The beam  was  represented with  Euler-Bernoulli beam,
which  helped to represent  the model  in desired number  of  modes

for the foIIowing simp]ified  model  as  shown  in figure 2,

M.  ij(t)+ D. a(t)+ C. q(t)+ G. (q(t))= B.T(t) (1)
L.J  S-  L."  'KJ
inenta Ddmpins  oprims Grevity
thrn'i ltstrit  Matnt  Ninin't

    The parameters of  the aboye

shown  in figure 2, whereas  the
motor-shaft  will  be limited to ±45 deg

equationMaxIMUM

rees.

for the beam
 rotation  ofarethe
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Figure  2

RotdtipOint

Jtujb.Q)
  Yo--

[

         :
         :
         :
         :
        .
       Xo

: The simplifie

::'tilx

d Swinging Rod model  with  the physical
  parameters

    The transformed  rnodel  into state space representation  is
rnore  convenient  for a  later control  approach  and  looks like:
X=  Ax+  Bu
                                            (2)
y=Cx+Du

   Where  the system  and  in

   ro I
A:=L'M.'tC.

 -MD"iD"

put matrix  look like:

] B=[M.9]Bo] (3)

    Two  different C  matrixes  will  be defined, which  depend on
the desired outputs  (the location of  the strain  gauges along  the
beam). The strain  gauges signals,  which  measure  the bending, are
transformed  into displacement-values with  the help of

transforrnationb]ocks.

    The Swinging Rod model  is derived by using  rnodal
displacement, but it must  be converted  into modal  state space

representation,  which  a}lows  a  more  convenient  work  [1]. The

modal  state space  representation  has the triple (A.,B.,C.)t
characterized  by the block-diagonal matrix  A. , and  related  input

output  matrices,  which  are defined as  fo11owing:

A  -=

 mdiag(A.,)

Cm  =[CmiC

 in2

    A.,-[
'-gibgt

 -g],,,]

   The i'th state  component

.,-(g.z',]･

Where qmi

yelocity  states,  and

                  (s)
of  the modaI  form two  is

and  
qmi

 are the modal  displacement and

 q..i =  giq.i +e.i  /tvi

B= m

,.. Cmn]

B.,B,IBmn

(4)

i=J,2,...n, where  A.i, B.i and  qi are  2x2, 2xs, and  rx2  brocks
respectively.  The blocks A.i according  to [1] could  occur  in four
different forms. The so  called  

"modal
 form two"  is used  in this

paper.

PROBLEM  STATMENT

    The properties of the abeve  system  can  now  be used  for a
model  reduction  arid  sensorlactuator  placement. The  analytical
solution  for choosing  the weighting  matrices  for later yibration
damping is also  possible for structurcs of  such  a  type [l].
Therefore the main  goal is to apply  the theoretical approach  to the

swinging  rod  extended  model  (modal model)  for model

simplification  sensor  placement and  vibration  contror.

    The structure  properties are concerned  in the sequel  with  the

controllability,  observability and  H,.H.,H..,  norms  of  the

system,  The system  norms  serve  as  a  measure  ofthe  system  
"size"

and  in this capacity they are  used  in the model  reduction  and  in
actuator/sensorplacementprocedures.

    Controllability and observability are  structural  propenies
that carTy  uscfu1  information for system  analysis  and  control.  Fer
example,  a structure  is contrelEable  ifthe installed actuaters  excite

all its structural  modes,  It is observable  if the insta11ed sensors

detect the motions  of  all the modes.  This  information, although
essential  in many  applications, is too  limited. It answers  the

question of  cxcitation  or detection in terms of  yes  or  no.  The
quantitative answer  is supplied  by controllability and
observability  grammians, which  represent  a  degree of

controllability  and  observability  ofeach  mede,

    The grammians are  defined as

M. (t) =  Il e"  ̀BBT e"'  ̀di,

pp'. (t)=Ce"T'c'ce"' di, (6)

and  depend on  the system  coordinates,  but the eigenvalues  ofthe

gramrnian product are invariant and  defined as

r, =  Z, (or. M. ), with  i-- 1, ".  N. (7)

They are knewn  as  Hankei singular  yalues  of  the system,  which

have strong connection  to the system  norms.  It is also  possible to
balance the system  so  that its controllability  and  observability

gramrnians are  equal, diagenal and  defined by Moor as:

M. M- M. =r,

F=diag(r,,,,.ltk,), (8)

r,2O,  i=1,,,,,N,

where  ri is the i'th Hankel singular value  of  the system.  The
comprete  transformation  algorithm  is represented  in [1] and based
on  the singular  value  decomposition of  the controllability  and
observability grarnmians.  This approach  will be used  to balance
the model  in the mode1  reduction procedure. The Hankel singular
value  is also  called Hankel norm.  The fo11owing approximation

equality  is valid  for modal  rcpresentation  [1]:
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llG, ll. =  2UG, 11,
Graphica

=@llG,  ll,

lly it could  be represented  as fo11ows:

mngni

(9)

                   rtaviecac} lr"tESSec]

Figure 3: H2  and  H,.f norm  ofthe  system,  shown  in a bode plot

Figure 5: The Bede  plot for one  of  the eutputs,  reduced  (blue) and

 fu11 (red) systems.  The upper  plot shows  the magnitude  and  the

               lower plot the phase.

SENSORPLACEMENT
MODEL  REDUCTION

The Hha.,., system  norm  is approximatcly  half of  the ".

norm,  see  equation  9 and  [1]. Hence the reduction  using  one  of

those norms  is identical with  the reduction  using  the other  one.
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    The sensor-pracement  is done with  the help of  modal

matrices  and  placement indices, according  to [1]. Using this

approach,  the S strain gauge sensor  locations were  chosen  from 40

possible candidate  locations along  the flexible beam, see  figure 6.
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Figure 4: The H,..,., norms  ofthe  Swinging Rod  with  10 flexible

  modes,  approximated  (small dots) and  exact  (circles) values

In the sequel  we  are  only  considering  only  the H.norm.  The

H  reduction  error  in modal  coordinates  is estimated  as  =

    e.  
=

 G-G.  
.=

 Gt 
.=

 Gk+i 
.

                                 . (10)
    The model  reduction  procedure considers  10 flexible modes
and  is reduced  with  the help of  the Hankel norms,  as  shown  in
figure 4.

   The  fo11owing figure shows  the bode plot for original  and  the

reduced  system,  Here are  the neglected  modes  nicely  shown,

which  only occur  in higher frequencies above  100 Hz  (w=6xl02
11s),
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Figure 6: The H-infinity placement matrix,  which  shows  the first 6

       modes  and  their 40 possible sensor-locations

     ue twt.Toeb mup  .t .,  ,S"/twh

Figure 7: Possible sensor  locations for the 40 different locations.
The upper  diagram shows  the H> and  the lower diagram the H.
            sensor  indices for all modes.
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    Figure 6 shows  the distribution of  the involyement of  each

sensor  for measuring  each  mode  (each sensor  is represented  by a

certain  position along  the flexible beam). As  higher the beam  in
the plot, as  better it is to place a  sensor at this Iocation for certain
mode  sensing. In reality only  S sensors  are  ayailable,  therefore

only  5 positions can  be chosen  based on  Figure 6 and  7.

    The first sensor,  which  is shown  on  both figures, represents

the motor  angle e. It cari be seen  that H> and  H.  sensor  indices
contradict  with  eaeh  other. Sensor positions 2, 8, and  16 look
quite good on  the both norrn  indices (see figure 6 and  7). The last
two sensor locations can  now  be taken according  to the H.

placement matrix from figure 6 as  24 and  33.

VIBRATIONCONTROL

A  LQG  controller has been used  for vibration  control.  Apart of
using  traiI and  error  approach  for guessing the values  of  the
weighting  matrix  Q, it can  be found analytically  [1], The weight  e
shifts  the i'th pair of  complex  poles of the system,  and  leaves the
remaining  pairs of  poles almost  unchanged  (for structures
represented  in modal  coordinates), according  to [1], Onry the real

part ofthe  pair of  poles is changed  aust moving  the poles form tiie
imaginary axis  away  to the left and  stabilizing  the system),

whereas  the imaginary part of  the peles rernain  unchanged.  The
result  of  the LQG  vibration  darnping controller  is shown  at the
bede plot in figure 8.

    .twkimptFigure

 8: Bodc plot for the first mode  (theta) ofthe  closed  loop

              and  open  loop systems.

    The  controlred  and  uncontrolled  system  eutput  is shown  in
thc figures 9 and  10. The  system  was  disturbed with  sinusoidal

torque input during the first 3 seconds,  and  after  3 seconds  the
closed  control  roop was  directly activated  with  the designed
controller.

Figure 9: Output of the strain  gauges no.  3, 4 and  5; response  for
uncontrolted vibration  after  SHz  sinusoidal  excitation  for duration
   of3  seconds,  afterwards  the excitation  was  switched  off

Figure 1O: Output of  the strain  gauges no.  3, 4 and  5; response  for

 controlled  yibration  damping after 5Hz  sinusoidal  excitation,

       where  the contro11er  was  started  at t = 3 sec,

THE  EDUCATIONAL  UNIT  OF  THE  SWINGING  ROD

    The above  presented Swinging Rod  experiment  is fuliy
accessible over  the internet for eLearning  purposes. It consists  ofa
complete  system  descriptlen and  of theeretical teaching  units  with

multiple  choice questionnaires and  extended  text-questions, The

remote  control  is implemented in Java and  usable  inside any

Web-browser, from any  locations oyer  the interneL A  video

stream  shows  the movements  of  the rod  during the experiment

procedure, and  especially  how  well the controller  works,  Te see

the stable  system  behayior with  the controller,  the rod  gets first
excited  for duration of  5 seconds,  afterwards  the control mode  is
switched  on  and  the vibration  should  be damped  as  fdst as
possible (right part in figure 11).

    An  introduction for medeling  the fiexible systems  is giyen,
so that the student can  get familiar with  the theory. Multiple
choice  questions are  used  to verify  the student's knowledge.
    The mathematical  model  ofthe  flexible rod  must  be derived
by the Lagrangian approach,  whereas  the link is modeled  as  an

Euler-Bernoulli beam. The approach  above  with  the different
mode  shapes  would  be too difficult for regular  studcnts,  The
approach  at the beginning of  this paper only  used  for advanced
students  in intensiye worksheps.

 Figure 11: Remote  control  interface for the swinging  rod

experiment,  running  inside a web  browser without  additional

software,  Left part: control  interface area;  right  part: system
           output  after  contror  is finished.

    With the help ofa  remote  control  software is a  test run

performed, where  a  torque impulse is sent  to the motor  to get the
impulse-response. These sampled  sensor data will  then be used  for
parameter-identification, which  can  be either  used  for only  the
dctermination stiffhess  of  the rod  (with the natural frequency), or
for adyanced  users  with  the help of  the System Identification
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Toolbox  inside MATLAB.  The identified model  has to be verified
with  the real one  inside the remote  controL and  if necessary
accordingly  adapted.  The controller  design is the next  step  for the
students in this virtual  laboratory, where  the aim  is to set  the
complete  rod  in quiet mode  as  fast as possible (left part of  figure
11). The rod  gets therefore excited forS seconds  (in open  loop),
and  after these 5 seconds  the control-loop  gets activated  and  the
yibration  should  get damped, as can  be seen  in the right  part of
figure 11.

[IS]

[16]

l17]

Systems, Controllability, Observability and  Model
Reduction," IEEE  Trans. Automat Control, yol.  26, 19g1
Joshi, M.  S. 

"Control

 ofLarge  Flexible Space Structures",
Springer-Verlag, Berlin 1989.
WinCon  Manual, MultiQ-PCI User  Guide,
}ww.guggsgggQ!u
Peter Will , Preject-work, University of  Siegen, Germany,
2003

ANNEX
CONCLUSION

Table  1: Flexible beam  properties
   The Swinging Rod  test platform is used  for vibration

analysis  and  vibration  damping. The simple  setup  of the

experiment  giyes the students  a very  good overview  about  the

yibration theory itself Due  to the remote  control  possibility, it can
be demonstrated during lectures and  students  can  perform the
experiment  alene  from their home  computer  as  part ef  the control
rectures. The modal  analysis  explained  at the beginning of  the

paper gives a good  chance  for advanced  students, to enter  this
subject.

Material AIMgSiO,5/6063(AA)1
A96063UNS

Density 2700Kgm'

Elasticitymodule 65.5x109...68.9x109Nm'2
Rectangularsection 20x4mm?
Length 163.5mm
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Table 2: Symbol  Description

..'Symbol Description

11Gll,systemnormH2
IIGII.SystemnomiH.
11Gll,SystemnormHharkel
1, i'thHankelsingularvalue

rrnax
ThelargesHankelsingularvalueofa

sstem

G Systemtransfermatrixfor(MIMO)

Gr Systemtransfermatrixwiththe
retainedmodes

G, Systcmtransfermatrixwiththe
truncatedmodes

cDi
.I'thnaturalfrequency

gtii
'l'thnaturalmode

Q 9==diag(a),,cv,...(D.)

Matrixonnaturalfreuencies

¢ ¢ =[ipiip2.･.ip.]Modal

'matrlx

Am)Bm,CmModalstatespacetriple

Acvi Thehalf-powerofi'thfrequency
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