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Abstract. This paper describes the work involving a reapliementation of an active
control system to reduce vibrations in a “livelybdtbridge located at FEUP. This
structure has some natural frequencies around 2Hrclwvcan be easily excited by some
pedestrian activities. Although the levels of vibwa may not be considered excessive
according to some design codes, this footbridgeegrgents regularly unusual vibrations
for this type of structure, which has motivated itng@lementation of a control system for
research purposes. The active control developamisposed by an Active Mass Damper
commanded by a controller based on the Velocitydbaek Control law. The efficiency
of this control system is evaluated in terms of té@uction of the response when the
structure is excited by several pedestrian loads.

1 INTRODUCTION

Pedestrian bridges are Civil Engineering structuvdsich may be vulnerable to
unacceptable levels of vibration motivated by threxgmity of the step frequency of
pedestrians with regard to some natural frequenafethe structure. This phenomenon
can be more frequently observed in footbridges widkural frequencies around 2Hz, for
vertical vibrations, and 1Hz for lateral vibrations

In order to reduce vibrations in this type of stwres, several kinds of control systems
have been proposed and implemented [1,2], congisgi@nerally in passive systems
composed by viscous dampers or Tuned Mass Damp&tBg). This type of devices has
the objective of adding damping into the systenrdduce its dynamic response. This
constitutes a good control strategy because, ire adsthe occurrence of resonance
problems, the amplitude of the response is stronglyenced by damping ratios of the
system.
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However passive control systems like those desdrii®fore, can have some problems
which can compromise the use of such devices. Kkamele, viscous dampers are
effectively useful in cases where it is possibletmnect different points of the structure
characterized by having a significant relative mod&splacement for the problematic
vibration modes. Even when it is physically possitd implement such elements, in most
of the practical cases there are significant aedhitral restrictions which may limit this
solution. TMDs are also vulnerable to some problepasticularly frequency tuning. It is
well studied that relatively small frequency vaioats of the structure may lead to
significant reduction of efficiency. Moreover, TMD=e designed to control a specific
vibration mode, which means that there will be regkds many TMDs as many vibration
modes to be controlled. In most of the cases, @dspted several TMDs tuned to each
specific vibration mode, which results in a relatiwvhigh number of units.

On the other hand, it is generally accepted thaitvaccontrol is not an interesting
solution for many structural problems, particulaviyien dealing with large structures.
The reason of this is because active control desandre sophisticated technology,
higher costs, less robustness and more energy egign [3]. This is why there are only
few real applications of this type of control tovfiEngineering structures. However, as
an alternative solution to the passive systemsrdest before, active control can be an
attractive solution for small structures like sofoetbridges. In this case, active systems
have some pertinent advantages which should beusdyi considered. For instance,
active systems using AMDs don’'t need to be tunedany natural frequency of the
structure because they work with the measured respof the system. Also AMDs (like
TMDs) can be placed in the most suitable positiohshe deck in order to actuate on
sections characterized by having significant mat@hponents of the critical vibration
modes. Combining these advantages it can be coedltitht a single device can control
several vibrations modes simultaneously. For sraallictures that require low control
forces there is also the possibility of using aleei actuators which may have some
advantages in terms of cost, maintenance and medsection. Active control systems can
be also robust and adaptive to the variations efdiinamic parameters of the structure
and can be more effective in controlling small aitions.

In this context, the aim of this work is to implemen active control system to reduce
vibrations in a “lively” stress-ribbon footbridgedated at the campus of FEUP. This
experience is the result of some research and daoal work done involving the
implementation of control systems in small physicabdels [4,5] developed at the
Laboratory of Vibrations and Monitoring (www.fe.yp/vibest). This paper describes
extensively the work developed which includes tmalgtical study used to design the
control system as well as the experimental resabitained.
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2 CHARACTERIZATION OF THE FOOTBRIDGE

2.1 General description

The footbridge under analysis provides a pedestimdnbetween the main buildings of
FEUP and the student’s canteen and parking aregsré-1). This structure was designed
by ENCIL [6] and is characterized as a stress-nbbmotbridge formed by two spans of
28m and 30m. The deck is composed by four prestrgssables embedded in a
reinforced concrete and it takes a catenary shapetbe two spans with a circular curve
over the intermediate support. The deck is a regtkam cross-section of external design
dimensions of 3.80mx0.15m.

-
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Figure 1. View of the footbridge

2.2 Identification of the modal parameters

The identification of the modal parameters thatrahterize the dynamic behavior of
the footbridge, as well as the corresponding nucaérassessment, was extensively
studied and developed by Caetano and Cunha [7lrnieg to several identification
techniques based on ambient and forced vibratists te

The ambient vibration tests were performed with thelp of four seismographs
including force-balance accelerometers, duly syostmed by a laptop. The ambient
response of the system was recorded according verale setups, using two fixed
reference stations located at sections 3 and 18 eaghteen other measurement stations
distributed by the total length of the deck (Fig@je

10 11
Ref 1 *om., Ref 2

Figure 2. Measurement stations and references
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For each pair of measurement points, acceleratioe-tseries with 6 minutes of
duration were acquired and subsequently processedder to obtain estimates of power
spectral density functions (PSD) and frequency aasp functions (FRF) relating the
response at each section to the reference statkigure 3 shows two average power
spectral density estimates obtained at the tworeafse sections, from which the main
natural frequencies can be identified.

Using the conventional peak peaking method apptedhe set of FRFs, it was
possible to identify the natural frequencies ara ¢brresponding vibration mode shapes,
some of which are represented in Figure 4. Talllstd the identified natural frequencies,
as well as the corresponding mode type.

The numerical model developed to represent the mymaharacteristics of the system
was achieved by considering the experimental resaitained and by taking into account
the different phases of construction process [ufe 4 and Table 1 shows a comparison
between analytical and experimental results in seoh natural frequencies and modal

shapes.
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Order Measured Calculated
frequency frequency

Type of mode

(Hz) (Hz)
1 0.990 0.949 First antisymmetric (two spans, offpgshase)
2 2.083 1.990 First symmetric (two spans, in-phase)
3 2.178 2.143 Second antisymmetric (L=30m)
4 2.423 2.417 Second antisymmetric (L=28m)
5 3.753 3.334 Second symmetric (two spans, opppsitse)
6 3.857 3.869 Second symmetric (L=30m)
7 4,229 4.381 Second symmetric (L=28m)
8 5.726 5.915 Third antisymmetric (L=30m)
9 6.517 6.820 Third antisymmetric (L=28m)
10 8.262 8.271 Fourth symmetric (two spans, oppqgsitase)

Damping properties of the footbridge were also eatdd adopting several
identification techniques using either ambient orcéd vibration tests [8]. An expedite
method adopted to estimate the damping factorscesead to the first vibration modes
consists in exciting the structure with a frequertysed to a natural frequency using a
pedestrian skipping at a fixed position.
excitation stops suddenly and the free motion ef structure is recorded. By analysing
the free decay curve, it is possible to estimate rdspective damping coefficient using
the logarithmic decrement method. Figure 5 showss risults obtained by using the
excitation frequencies about 1Hz and 2Hz. It issple to identify a damping factor
about of 1.7% for the Sivibration mode and 2.6% for thé'®2one. These estimated
damping factors are averaged values because, &s vitell known, damping in real

Table 1. Identified and calculated natural frequesc

structures varies with the amplitude of the ostiblias.
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Figure 5. Free vibration response: a) skippinghi,istations 3 and 5; b) skipping at 2Hz, station 3

After i@sfing a resonant response, the
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3 STUDY OF THE CONTROL SYSTEM

3.1 Number and position of sensors and actuators

The number and position of sensors and actuatarptad to control a dynamic system
are naturally associated to an evaluation of thealves of the control system and the
cost correspondent to a specific solution. Furtleenmthe number and position of
actuators is directly related to the concept of toatability and, in the case of the
sensors, to the system observability. As a firggrapch on the choice of a control system
to reduce vibrations in the footbridge describetbbe it can be clearly observed that the
structure has local vibration modes which suggdssthe global control of the system is
possible with the help of several actuators. Int flhkoonly one actuator is adopted to
operate in any of the spans of the footbridgesiinievitable to install the device in a
section where some vibration modes have reducedamoomponents, which would
demand a strong control force to damp these maoOasthe other hand, it can also be
concluded that the adoption of two devices posétat each span doesn’t mean that the
system is completely controllable, because it iialilt to select a section where all
vibrations modes have important modal contributions

To consider this problem, it is convenient to piota single graph the significant
vibration modes of the system. In the case of tdwlridge studied in this work, this kind
of graph is presented in Figure 6, where the nuraémodal configurations of the first
five vibration modes are shown. It can be assunmed the I' vertical vibration mode
with a frequency of 0.95Hz is not critical in terna$ the human-induced vibrations
because it is out of a critical frequency rangechhis characterized by frequencies that
can be easily excited by regular vertical loadspefiestrians. For the same reason,
vibration modes with frequencies above 3.33Hz artehere represented.

1

1st mode(0.95Hz) — — — - 2nd mode(1.99Hz) ------- 3rd mode(2.14Hz) — - — - - 4th mode(2.42Hz) — - - — - 5°th mode(3.33Hz)

Figure 6. Representation of the first five vibratimodes of the system
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The analysis of Figure 6 allows the establishmdnsame scenarios in terms of the
positioning of the actuators. At this stage, it tenassumed that the control of tH& 2
ant 4" vibration modes is a priority when compared to tmntrol of the I and %"
modes, for the reasons exposed before. On thiss basseems reasonable to use one
actuator near section 13 of the first span, suitablthe control of the"2 and 3¥ modes,
and another actuator near section 49 at the sespaw, reinforcing the control of th8%2
mode and controlling of thé™4mode.

As far as the number and position of sensors anearmed it must be paid particular
attention to the control strategy and the numbemofles to control. In fact, if control
strategies which require a state space approachadopted (like optimal control or
predictive control), it is desirable the use ofiege number of sensors because it benefits
the system observability and, if needed, the desifgan observer. On the other hand, in
case of adopting more simple strategies, like digaBned control schemes, the number
of sensors can be reduced.

3.2 Control strategy

The response of a dynamic system subject to periodids under resonance conditions
is strongly dependent of the damping factor of ¢ixeited vibration mode. This means
that if the system is vulnerable to the occurrenteresonance phenomena, like the
footbridge described previously, the increase ahpiag is certainly a good strategy. This
will reduce the structural response and will keée tvibration levels below some
maximum acceptable limits. To estimate the amountlamping needed to reduce the
amplitude of the harmonic response of a linear esysto a predefined value, it is
sufficient to use the coefficient IJ2which represents the dynamic amplification of a
system in the described conditions, whére the damping factor of the vibrating mode.

The increasing of damping in a system can be aeklidy a control force calculated by
Fc(t) = —c\(t), wherev(t) is the velocity at the position of the controfde andc is a gain
correspondent to a determinate damping constans d@d¢ntrol law is the well-known
Direct Velocity Feedback (DVF) or a derivative canilter. Its effect can be compared to
the introduction of a passive viscous damper instinecture because both produce a force
proportional to the velocity.

In the case of the studied footbridge, the applkecabf active forces at the nodes 13
and 49, calculated based on the DVF, is equivatenhaving two passive dampers
attached from these sections to some fixed poagshown in Figure 7. It is worth noting
that if it was possible to adapt these passive asvbn the structure as described, such
solution would be much more interesting than theliaption of active forces. The
problem is that, as it happens in many practicalesa such solution would interfere
dramatically in the architecture of the footbrid@éis is the reason why active control
could be an attractive solution for this case, ipatarly when combined with AMDs.
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Figure 7. Control effect using Direct Velocity Féedk

The use of AMDs allows the application of concetadaforces at any section of the
deck without having any external connections. T¢n¢ution is often mentioned in the
literature as “sky-hook dampers”, because it setras the dampers are connected from
the structure to a fixed point in space.

However the control strategy described based on DWiEt be adapted to this kind of
devices because the control forces are formed bwgiaof forces applied between the
system and the active mass instead of isolatec$oapplied to the structure. This means
that the interaction effect between the structurd the actuators should be considered
and analysed by some design technique.

4 ASSESSMENT OF EFFICIENCY USING AN AMD EXISTING AT FEUP

4.1 Description of the control system

The control system described before has the obgatf reducing vibrations in the
structure when excited by several pedestrian diszi The control scheme described to
achieve this goal demands the use of two actugposstioned at each span of the
footbridge. However only one actuator was availabbe perform real tests which
constituted a limitation in terms of control of tgbal system. Nevertheless, even when
using one device, it is possible to implement aalomntrol system based on the same
principles referred in the last section, allowirglucing vibrations in one selected span of
the structure. The analytical study of the expee@#itiency to obtain with such a scheme
is exposed in next sections.

It is assumed that the control system is composeanbAMD which can be adapted in
a certain section of the deck, allowing the appiaaof control forces computed by using
DVF control law. This means that the response efdystem must be measured locally, in
the same position of the actuator. Despite the laimpositioning of the pair
sensor/actuator, this scheme doesn’t constitutellmaated system, because there is a
component of the control force applied to the addal mass of the actuator which
origins some stability problems that must be propeonsidered.
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4.2 Characterization of the actuator

The identification of the characteristics of the BMis crucial to evaluate the
performance of the proposed control system. Theceesxisting at FEUP is composed by
an electromagnetic shaker “Electro-seis Model 4@@inufactured by APS Dynamics,
which can be modeled as a linear system like tliecated in Figure 8. The dynamic
parameters of the actuator, in terms of naturaydemcy and damping factor, were
identified experimentally by introducing a motioacarding to the resonant frequency of
the system and by analysing its free decay respafigee stopping the excitation. The
natural frequency could be measured directly caynthe number of cycles occurred in a
finite time interval and the damping factor coul@ kextracted by the logarithmic
decrement method. Figure 8 plots the free respohs$lee actuator obtained as described,
allowing estimating a vibration frequency of 1.33Bd a damping factor of 7.1%. The
total active mass was evaluated as 34kg.
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Figure 8. Electromagnetic shaker and respectivamjcmodel

It is well established that AMDs should have a nalfturequency below the first
frequency of the structure, in order to avoid ppoéze flipping associated to the
intermediate vibration modes, and it should hayghtdamping with the objective to get a
large gain margin to increase stability [9]. Thevide used in this experience has a
natural frequency superior to the first system @imacy, which means that the control
system will not be able to control this vibratiorode, as discussed in next section. In
addition, the ratio of the active mass to the systeass is relatively small (<286owhich
may limit efficiency due to the maximum stroke betactuator. In fact, the amplitude of
motion of the active mass is related to the comwasging mass ratio. In order to dissipate
the same amount of energy, a large moving mass redllire a shorter stroke than a
shorter mass.

4.3 Root-locus design

The method used to design the control system iedam the classic root-locus
analysis. This is because the system may be caesidénear in the range of
displacements usually observed, and the contrabmas based on one output of the
system, corresponding to the location of the pams®r/actuator. It was considered the
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positioning of the actuator alternatively in severalevant sections of the deck. As
discussed before, there is an interest in locatimgactuator in section 13 to control the
2"% and 3* modes and in section 49 to control tHé &nd 4" modes. It was also analysed
the positioning of the actuator in section 9, shiigato control the "8 mode, in section 52,
suitable to control the"mode, and in sections 17 and 45, suitable to obrtre 2
mode.

The transfer functions, which relate the systenpoese at each of these sections and
the pair of forces applied by the actuator, werkwdated using the numerical model
developed. It was considered a modal analysis agpraising the superposition of the
first five vibration modes. The root-locus analysims performed using the control
system toolbox of Matlab software. Figure 9 repnésethe root-locus plots for three
selected cases corresponding to the positionintpefactuator at sections 13, 49 and 52.
Figure 10 indicates the evolution of the modal damgpfactors associated to different
levels of gain, as well as the maximum allowablengalotice that it was adopted equal
initial damping ratios of 1% for all vibration mosle which may be considered a
conservative design procedure. In fact, previousliss suggest some variability of this
parameter, which indicates estimates superior iovalue no matter the method used for
its evaluation [8].
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The analysis of the previous figures leads to sameresting conclusions about the
performance of the control system. The first refdvessue is about stability which is
certainly the most important quality in an activgstem. Looking to any of the
represented root-locus plots, it can be observeat thstability may occur by the
uncontrolled vibration of the*1mode of the structure. This fact was clearly assiim
before due to the relatively high frequency of #®uator which originates a pole-zero
flipping associated to the intermediate vibrationdes of the system. This means that as
the gain increases, the damping ratio of tflenfode of the structure decreases, which
leads to the system instability for gains supetmithe maximum gain admissible. This
constitutes a limitation of this actuation systerhieth can be resolved by limiting the
maximum control gain. Furthermore, it was mentiohefore that the *ivibration mode
is not critical in terms of its vulnerability to éhexcitation induced by pedestrian loads,
which means that decreasing its damping ratio wit affect significantly the global
performance of the control system.

It can also be concluded that the positioningh® &ctuator in any of the mentioned
sections will benefit the system behaviour in teraisthe damping of some specific
vibration modes. This is the case of the actuatoated at section 13 which allows the
increasing of the damping factor of th& Znode from 1% to 1.76% and the damping
factor of the 8 mode from 1% to 1.73%, when using the maximum gailue. It can be
noted through the observation of the respective-lecus diagram that, in this case, the
control system is inefficient to actuate upon tfeahd &' modes because, as shown in
Figure 6, the actuator is near their respectiveesodVhen considering the actuator
positioned at section 49, the damping factor of2ifemode increases from 1% to 1.85%
and the damping factor of"4mode from 1% to 1.84%, for the maximum gain valliee
actuator can not control théaind 8" modes, for the same reason pointed in the previous
situation.

These results are not very encouraging because,\elkien using the maximum control
gain, it is expected a relatively low efficiency tife control system. However, when
analysing the positioning of the actuator at ottliéierent sections of the deck, it can be
observed an interesting performance by trying totid the structure at section 52. This
happens because, at this location, the actuatarecarates its effort to damp mainly one
vibration mode instead of two as before. In additithe £' vibration mode has a reduced
modal component which increases system stability doybling the allowed gain
estimated in previous cases. Observing the resmectiot-locus plot, it can be expected
an increase of the damping factor of tHewibration mode from 1% to 3.49%, adopting
the maximum gain. This result corresponds to a pexdormance of the actuation system
located at this section which has motivated thd regplementation of this control
scheme. Notice that this performance is achieveddigg the maximum gain which can
be limited by other physical conditions as the maxin stroke available at the actuator.

11
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5 IMPLEMENTATION OF THE CONTROL SYSTEM

5.1 Description of equipments and instrumentation

In order to verify experimentally the efficiency tife described control system, it was
implemented a real control experience using theipments and instrumentation
available at Laboratory of Vibrations and MonitaginThe control system was basically
composed by an actuator commanded by a controllechwcalculates the control force
based on the structure response measured by sensors

As shown in Figure 1la, the actuation system usedhe tests is formed by the
electromagnetic shaker described in section 4.2¢chwis capable of applying control
forces of 445N of amplitude. This actuator was supgd in a metallic frame which is
responsible to transport the device and to trangomdes to the structure by means of a
tripod system. Interaction forces between the dotuand the structure were measured by
three load cells aligned with the three foots of ttevice, as shown in Figure 11b. The
actuator was also endowed with an LVDT to measuselacements of the active mass
relatively to the structure, with the objective awvoid shocks with the boundaries of the
equipment

The footbridge was instrumented with two piezotiecaccelerometers with the
objective to obtain the system response at thezaakesections. One of these sensors was
positioned in the same location as the actuaticatesy in order to feedback the control
system by measuring the correspondent velocityionéthby integrating the signal from
the accelerometer. The other sensor was positiattednately at the sections where the
maximum system response was expected which comespo the location of the
maximum modal component of the excited vibrationdem@Figure 12a).

The control algorithm was implemented in a Real-@ieontroller composed by a
computer NI PXI, which includes a specific opergtisystem dedicated to ensure
determinism in control loops. This controller works a target computer commanded by a
host computer used to develop software and visngidata from the Real-Time machine
(Figure 12b). All software created to operate withs system was developed with
Labview package software from National Instrumeki¥ien the controller is functioning,
it executes several tasks according to some defansxls of priority. Naturally, tasks like
calculating the control force and tasks involvingcusrity procedures are of priority
comparing to tasks like saving or visualizing data.

An important issue about the implementation of\eeystems is the development of
certain verifications to check the correct functian of the control system. In this
particular application, it was given special attentto the possibility of the existence of
shocks between the active mass and the frontietiseoflevice. If the displacement of the
active mass exceeds some predefined maximum valloiel{ may occur in the case of the
system instability or in the case of the existentearge external loads), the controller
shutdown the actuator automatically. To increaseust, it was also imposed a
limitation to the amplitude of the control force.
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Figure 13. a) Pedestrian skipping near the actuajolPedestrian walking along the footbridge
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5.2 Description of the tests

Taking into account that only one actuator was lawéeé to implement real tests, it was
decided to performed control experiences at sonectesl sections of the deck. To this
purpose, it was considered the actuation systeritiposd at section 45 to control th8%2
mode, at section 49 to control simultaneously thtahd 4" mode and at section 52 to
control the # mode. The external load was induced by a pedestith approximately
700N weight, when skipping at a fixed position oallking along the footbridge with an
appropriate step frequency (Figure 13a and 13b).

The first experience consisted in exciting the cinte at section 52 by a pedestrian
skipping at 2.42Hz with the help of a metronomatidfly, when the pedestrian started to
skip, the control system was switched off and, aleviafter, the gain was gradually
increased until reaching=3600. Through a sudden stop of the excitatiomas$ possible
to evaluate the damping ratio achieved by analysimgrespective free decay envelope.
The graphs below represent the results obtaineatwhllow the understanding of the
effect of the control action applied to the struetult can be seen that as the gain
increases (Figure 14a) the system response desr@aggire 14b), which corresponds to
an increment of damping from 1.76% (measured betdgtk the control off) to 2.54%.
The reduction of the response is accomplished byemrase of the control force (Figure
15a)
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Figure 14. a) Evolution of the control gain; b) &m response at section 52
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Figure 15. a) Control force measured at the powapldier; b)Relative displacement of the active mas

which originates the force motion of the active mal fact, the actuator acts initially
like a passive mass attached to the structurevidugn the control force starts to operate,
the mass is forced to move, absorbing the energy the main system (Figure 15b).

Using the actuator positioned in the same sectsobedore, another test was conducted
by exciting the footbridge with a pedestrian watkimlong the deck with a step frequency
of 2.42Hz. As in previous case, the structural oesg was dominated by the harmonic
vibration of the # mode, but with lower levels of vibration with redato the results
obtained with the skipping tests. For this reasbmas possible to increase the control
gain to higher values in order to improve efficigry introducing more damping into the
system. Figure 16a represents the comparison ofsthecture response measured at
section 13 obtained without and with control adogtg=11900. A significant reduction
of the system response can be observed which pames to a reduction of the maximum
acceleration from 0.30nf/sto 0.19m/é. The effect of the control system can be
interpreted as an artificial increase of the dargdactor from 1.76% to 4.15%. This is a
nice result, mainly if taking into account that tretio between the active mass and the
modal mass is just 0.15%. Notice that the reductibthe maximum amplitude observed
is not in the inverse proportion of the increaseh&f damping because this principle only
applies to stationary responses, which is not thesgnt case. In fact, vibration modes
with lower damping ratios take more time to staalithan the higher damped modes
which leads to an apparent loss of proportionafitiransient responses.

Comparing the experimental results obtained in tl@st to the numerical study
described in section 5.3, it can be observed a gmmioximation between the analytical
estimates of the damping ratios of the system &edvalues effectively measured in the
controlled structure. For this particular experienthe analytical damping ratio of thé 4
vibration mode expected to get by adopting the mamn gain was 3.49%, assuming an
initial value of 1%, which is in line with the maasd value of 4.15%, taking into
account that the effective initial value was 1.7@9%6. the other hand, the adoption of high
values of gain may introduce stability problemsjtas perceptible by the analysis of the
Figure 16b. This situation was clearly predictedthe analytical study by imposing a
maximum gain of 11700, which was slightly exceedethis experience.
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Figure 16. a)Controlled and uncontrolled resportsseation 52; b)Response of the active mass

The previous experience shows some advantagesira astive over passive control
systems. It was mentioned before that the mass teted was 0.15% which is in fact a
small value when compared to the mass ratio of guvalent TMD. In this case, to
achieve the same performance in terms of the strakcresponse, this passive device
should have a mass ratio of 0.72%, i.e., a pasaa®s of 160kg which is about five times
greater than the active mass of 34kg of the actudiiois is possible because the active
device has a maximum stroke compatible with theeoled relative displacements of the
moving mass. In theory, it would be possible to egen a smaller active mass as long as
the stroke of the device and the space availablghat structure allowed it. This
advantage, combined with the possibility of coringl several modes with the same
device and the inexistence of tuning problems, roawpstitute an attractive control
solution for small structures. In the case of thpezience just described, the maximum
relative displacement of the active mass was 2.@€ilgure 16b), which is about three
times greater than the displacement expected iregnvalent TMD. However, this
amplitude is still considered acceptable.

After the conclusion of the tests on section 52, élctuation system was positioned at
two other locations, namely at sections 45 and ®A® footbridge was excited with
skipping and walking loads and, in each case, thdrol gain was adjusted to obtain the
possible maximum efficiency. Table 2 summarizes rimults obtained in these tests as
well as the previous results in section 52. It @l noting that in each case there is some
level of improvement of the structural responser #® reasons already explained, the
best performance of the control system correspomdigcating the actuator in section 52,
where it was possible to increase 135% the damfawctpr of the 4 vibration mode
which led to a reduction of 37% of the structuedponse to pedestrians loads induced by
walking. It can also be concluded that the consgatem is generally more efficient when
controlling structural responses to walking loallart skipping loads, because the level of
excitation is smaller in the former case, allowexploring higher levels of gain. Notice
that in several cases the control gain adopted sugerior to the maximum allowed to
avoid instability. This was possible because ironesice situations the system response is
conditioned by the dominant pole, minimizing thestability originated by the 51
vibration mode.

Position Without control With control

of the Load type Damp. Accel. Gain Damp. Accel. C. force Rel.disp.
actuator fact.(%) max.(m/$) x10° fact.(%) max.(m/$) max (N) max(cm)

45  Skipping at 2.08z  1.44 0.63 3.7 1.87 0.48 150 -

Walking at 2.081z  1.44 0.28 5.2 2.23 0.19 77 -
49 Skipping at 2.08z  1.44 0.82 4.0 1.95 0.60 155 4.8
Walking at 2.081z  1.44 0.31 7.0 2.31 0.21 82 2.9
Skipping at 2.4Rz  1.76 0.96 6.4 2.43 0.73 269 5.2

Walking at 2.4z  1.76 0.30 104 2.75 0.25 130 3.1
52 Skipping at 2.42z 1.76 1.30 3.6 2.54 0.86 195 3.7
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Walking at 2.4z 1.76 0.30 11.9 4.15 0.19 140 2.6
Table 2. Summary of the results obtained in théstes

6 CONCLUSIONS

This document describes the numerical study andintfdementation of an active
system to control vibrations in a “lively” footbige located at FEUP. Although the levels
of vibration regularly observed may not be consdeexcessive according to some
design codes, this footbridge experiments regulanysual vibrations for this type of
structure, which has motivated the implementatidnaocontrol system for research
purposes. Due to the existence of local vibrationdes and the possibility of the
occurrence of resonance phenomena, it was propasedttive control system composed
by two actuators positioned at each span of thectire, commanded by Direct Velocity
Feedback control law. The real implementation a$ ttontrol system was restricted to
the utilization of only one AMD existing in the Latatory of Vibrations and Monitoring
which has constituted a limitation in terms of algdl solution for the control of the
footbridge. This device was positioned in seveediti®ns of the deck, reducing vibrations
originated by pedestrian loads like walking or gk, exciting the structure in
resonance conditions. In spite of not having theqacte characteristics in terms of
natural frequency and active mass, it was obseraedeneralized reduction of the
structural response according to several scenaofoshe actuator positioning and
frequency of excitation. In a particular case, i@swpossible to increase the damping
factor of a specific vibration mode from 1.76% tal®% which has conducted to a
reduction of dynamic response from 0.30 to 0.18m/s
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