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Abstract. The present study investigates the performance of fixed parameter control (direct output and
full state feedback) algorithms on wind excited high-rise structures equipped with semi-active tuned mass
dampers (STMD) of variable damping. It has been demonstrated that when the same auxiliary semi-
active device is used, the algorithms that increase significantly the performance of the controlled
structure do so at the expense of damper strokes. On the contrary, when the maximum damper strokes
are capped to a certain limit, there may be a case where what was found to be the more conservative
algorithms may allow for similar performance gains while at the same time minimising the required
number/size of the devices and force demands.

1 INTRODUCTION

Since the introduction of the tuned mass damper (TMD) to the engineering community by Frahm in
1911 , alarge number of studies have been published validating the applicability and effectiveness of
TMDs on high-rise structures. In an attempt to improve further the effectiveness and flexibility of the
device, researchers across the world have successfully altered the original design by incorporating
sophisticated passive, semi-active and active elements. While the approach of upgrading the performance
of the TMD using passive elements is reasonable from a technological, practical and cost perspective ,
thisis not true when it comes to semi-active and active control elements. As a matter of fact, semi-active
components available for use in structures comprising of variable damping semi-active tuned mass
dampers (STMDs), are mostly limited to magnetorheological (MR) and electrorheologica (ER) el ements,
the cost of which is prohibitive especially when considering the size and number required. Due to these
limitations, an attempt has been made to improve the performance of a semi-actively controlled system
via the selection of an appropriate control algorithm. Amongst the most popular control agorithms
developed for the case of the STMDs, groundhook control , clipped optimal control [7][8], and
bang-bang control EI have been selectively used in literature. In an attempt to quantify the
performance of these algorithms, the authors of |§| conducted comparative studies on structures
equipped with STMD at different fixed parameter algorithm configurations. Although these studies agree
on the performance gains arising from the different algorithms, it is realized that either due to the nature
of the external perturbation (white noise or earthquake) or either due to the system’s geometric and
dynamic properties (low-rise and high-frequency structures), the authors did not take into account one
main performance limiting factor, the stroke of the damper, thus their results might not be transferable to
the case of wind excited high-rise structural systems.

Subsequently, this study aims to scrutinize the performance of different fixed parameter feedback
algorithms for the case of wind excited high-rise structures allowing for variable damping. The relative
merits from each algorithm are assessed both quantitatively and qualitatively. The comparison fairnessis
envisaged to be preserved by evaluating the performance at different scenarios of damper strokes.
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2 MODELING THE STMD CONTROLLED SYSTEM

A single TMD’s operational principle can be explained by considering a simple n -DOF sway frame
as the one depicted in Fig.1. The dynamic behaviour of such a system when subjected to an arbitrary
disturbance is fully captured by its matrix equation of motion:

MX(t) + CX(t) + Kx(t) = Bu(t) + Dd(t) 1)

where M, C and K are the nxn mass, damping, and stiffness structural matrices respectively; x(t)
and d(t) are in order the displacement, and external forcenx1 column vectors; u(t) is the single scalar
control force and B and D are the nxn influence matrices assigning the control and externa force

contributions respectively to the individual DOFs. For each DOF being the displacement of the i mass,
M trivially becomes diagonal, while for the pure viscous damping considered (and connections asin Fig.
1) the damping matrix C attains aform identical to the symmetric stiffness matrix K . Without any loss of

generality the mass damper device is attached to the (n—-1)" DOF and its motion constitutes
then™ DOF.
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Fig. 1. Sway n -storey sway frame with and without the semi-active TMD device

The matrix Eq. (1) could describe a system equipped with any type of dynamic control device. The
difference between passive, active and semi-active schemes would exclusively be captured by the nature
of the control forceu(t) . It would be probably more appropriate for this case to term u(t) as interaction

force, yet for presentation ease the term control is used throughout. To facilitate the derivation of a semi-
active control force, it would be beneficial to first consider the case of a purely passive TMD. When the
TMD is attached to the system of interest, the u(t) , takes the form of a purely passive action,

U, (t) resulting solely from the motion of the absorber’s mass. This passive force which couples the
damper to the rest of the system can be mathematically expressed as:

U, (1) =cX, (1) + KX, (1) (@)

In the above equation, ¢, is the constant scalar damping coefficient and Kk, is the constant scalar
spring stiffness of the TMD, while x, (t) and x,(t) are respectively the relative velocity and displacement

between the n and (n—1)" DOFs. It should be also noted that the n-element B becomes|0... 1 —1]T .

When an active control system is considered, the control force takes the form of a desired action, u,(t)

determined via a control algorithm. For an active mass damper (AMD), the desired force is the
summation of the passive forces generated by the mass damper’s motion and an additional externa force
provided by means of mechanical actuation. Because the dynamic characteristics of the mass damper
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remain unaltered and the desired interaction force, u,(t) has already been caculated by the control
agorithm, the required actuation force, f,(t) can bereadily determined by:

ua(t) = CpXr (t+ kpXr (t)- fa(t) (3)

The final step of the derivation of the semi-active control force involves the calculation of aforce that
can be physicaly realized by the semi-active device. For the case herein where a system able to only
“consume” energy is considered the semi-active control force, ug(t) is calculated by El:

u,am:fa(t)(%;wwj o
e[y {5 30 ©)

where q, is the power product f,(t)x,(t) . When avariable damping (VD) STMD is considered, the way

of achieving optimum performance is by timely adjusting its damping coefficient within bands for the
required control force to be reached. By referring back to the system presented in Fig. 1, one can express
the semi-active damping force contribution ascg, (t)x, (t) , with cg, (t) <0. Updating Eq. (3), the overall

control force provided at each time instant can be expressed mathematically as
Uq (1) = (e (B)] + €)%, (1) + KX, (1) (6)

In Eq. (6) the time varying semi-active damping coefficient, c (t) is the only unknown, which makes
its variation calculation straightforward.

3 CONTROL METHODSENSEMBLE

In feedback-controlled systems, the behaviour of the control device is determined using agorithms.
Both classical and modern feedback algorithms are classified into two broad categories: 1) fixed
parameter and 2) adaptive parameter. The former category, as the name suggests, refers to fixed control
parameters and gains, while the latter allows for some adaptation or training during control. Fixed
parameter controllers are further divided into two subcategories, namely: 1) direct output feedback
(DOFB) and 2) full state feedback (FSF) controllers. The main difference of the two is that the first
calculates control gains from direct measurements of the system’s output while the latter calculates
control gains based on the assumption of full state knowledge. This study concentrates solely on the most
popular fixed parameter control algorithms namely: Groundhook, PID, LQR, and bang-bang control.

3.1 Direct output feedback control

According to modern control theory, the vibration mitigation capacity in controlled systems is
upgraded using full state feedback, which requires the availability of al the structural system states.
Because of the large number of DOFs in high-rise structures, and the subsequent impracticality of
measuring the displacements and velocities corresponding to all degrees of freedom, DOFB controllers
which make use of limited measurements became necessary . Here, the common problem of limited-
state feedback is dealt without the requirement of state reconstruction that complicates operations.

3.1.1 On/ off control

For the case of semi-actively controlled systems, DOFB control is realised mostly through the use of
on/off algorithms. These very simple agorithms when incorporated in semi-actively controlled systems
are used to vary the parameters of stiffness and/or damping in the auxiliary device between a maximum
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and a minimum value. The determination of whether a high or low value is required depends exclusively
on the partial knowledge of the states of the system. A great example of such an on/off control isfound in
the famous skyhook control scheme. It is noteworthy that algorithms devel oped upon the skyhook control
are mostly practised in automotive engineering (e.g. active suspension systems) in an attempt to control
the sprung mass (i.e. the mass supported by the active damper). On the contrary, in civil engineering
structures, the main aim is to control the unsprung mass (i.e. the mass supporting the active damper) as
shown in Fig. 1, making the skyhook option unattractive. The algorithm developed based on the
modification of the skyhook control for controlling the unsprung massis known as groundhook control.

In a groundhook control scheme, the directionality condition of the forces needs to be examined in
order to determine whether high or low damping is required. Depending on the motion of the mass of the
damper and the structure and without the loss of generality, four cases are identified and damper forces
are calculated in accordance to Table 1 [13]:

Table 1. Groundhook Control Logic

Sign Damper Desired
Conventions Conditions Damping State
Xn1>0,%, <0 Extension Off
Xp1>0,% >0  Compression On
Xn1<0,%, <0 Extension On
X,1<0,X, >0  Compression Off

In summary, this velocity based groundhook (VBG) control logic is mathematically captured by:
XpqX, 20 somax, X, X, <0 s.min @)

Alternatively, it is possible to replace the unsprung mass velocity by a primary system displacement
term, resulting to displacement based (DBG) control, mathematically expressed as:

Xp X, =0 Somax, X, 4%, <0 s.min (8)

3.1.2 PID control

A PID controller works by calculating appropriate control actions based on a feedback error e(t) . For
a negative feedback system, the error e(t) is defined as the difference between the output signal, y(t) to
a desired reference signal r(t) . Using the textbook version of the PID controller, the desired control
inputs that minimize the feedback error are calculated by :

de(t)

U (1) = Ge(t) + G.njea)dt +Gy— ©)

The objective is to tune the gains G,G,,,G such as given a feedback error at any time within the
control time tf the generated inputs will result into enhanced closed-loop system behaviour.

3.2 Full state feedback control

Full state feedback also referred to as pole assignment methods are abundant in modern control
theory . Such agorithms perform on the simple basis of atering the eigenvalues of the system in such
away that either its damping capacity is increased or its frequencies move out of the resonant range. The
first step into achieving desired performance is to make an estimation of all the states of the system using
techniques such as Kalman filter or dynamic observer (i.e. Luenberger’s observer). With the states in-
hand the ideais to determine again matrix G that generates a control feedback according to:

u(t) = —GX (10)
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3.2.1 Optimal control

Optimal controllers minimize a quadratic performance index through manipulation and optimization
of the control vector u(t) . The performance index used in structural control applications when working
with the state space formulation is defined as [16]:

tf
J= j [x" ()Qx(t) + u" ()Ru(t)]dt (11)
0

where Q and R are weighting matrices relating to the trade-off between effectiveness and energy
consumption. Manipulating Q and R, better disturbance rejection can be achieved at the expense of
control effort and vice versa. Once the weighting matrices have been obtained, the gain is calculated by:

K= —% RB'P (12)

where P isamatrix found after the algebraic Riccati equation.

3.2.1 Optimal and suboptimal/Lyapunov bang-bang control

The objective of bang-bang control is to also minimise a quadratic performance index (for more see
[9]). 1t isworth noting, that the optimal control action is of bang-bang/on-off nature, i.e. it moves from a
maximum to a minimum value at a certain condition. It is easy to realise that obtaining the control
actions, one needs to solve online a differential equation, which will evidently increase the delays in the
system and potentially degrade the overall performance. Alternatively, the control actions can be obtained
by the so-called suboptimal bang-bang control. Where no on-line solution of differential equations is
required. The reader isreferred to for the complete derivation of the optimal and suboptimal bang-
bang law that is followed in this paper.

4 NUMERICAL INVESTIGATION

4.1 Structural configuration

To illustrate the effectiveness of the different algorithms at alleviating structural response, the 76-
storey benchmark wind-prone structure proposed by Yang et al. was considered. The structure is
excited by across wind loading for a duration of 900s, enough to establish stationary response. In this
study, two vibration mitigation alternatives are practised, namely: passive (TMD) and semi-active
(STMD) controlled structures were used to demonstrate the performance gains of the variation in the
control agorithm.

For the fairness of the comparison it was deemed necessary to restrict the damping ratios of both the
passive and semi-active devices to a maximum value of 20% of critical, which was found to be the
damping coefficient required by the passive device to restrain the stroke within a predetermined upper
limit. Respectively, the semi-active device was allowed to vary its damping coefficient from 5% to this
quoted 20% critical damping ratio. While the optimization of min/max damping ratios of the semi-active
device would yield a substantially improved performance of the semi-active structural configuration
compared to the passively controlled one, since the purpose of the paper is to primarily demonstrate the
performance gains of different algorithms on the semi-actively and not to prove the trivial superiority of
the semi-active configuration over the passive, the same min/max damping coefficients were used to
establish the performance metrics for the fair comparison of the different algorithms.
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Fig. 2. Indicative response results for the TMD and for the variously controlled STMD equipped structure
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Fig. 3. Damper strokes for the different algorithms studied in Fig. 2

4.2 Evaluation criteria

The comparison of the different control algorithms was based on the stationary response properties of
the different control structures. From the response time histories, the rms and peak accelerations and
displacements at different storeys were obtained. From the obtained values, eleven performance criteria
were identified. The reader is referred to for more details on these performance indices. From the
defined criteria, J;,J,,..,J;; the smaller the index, the better the performance.

5 SIMULATION RESULTSAND CONCLUSIONS

The two structural configurations consisting of passive, previously evaluated against the uncontrolled
scenario [17], and semi-active control devices were scrutinised and five different control agorithms for
the semi-active component were compared. Fig. 2 summarizes the peak and rms (displacement and
acceleration) responses at every floor; alongside the relevant maximum damper strokeis givenin Fig. 3.

It is evident that for given control device configurations (i.e. same min/max damping coefficients) not
every algorithm managed to retain the structure’s acceleration response below a predefined limit of
15cm/s”. However, it is also evident that the performance of the STMD device is strongly linked to its
stroke. As a matter of fact, the larger the allowable stroke of the damper, the better the vibration
attenuation capacity of the system. In Table 2, the performance index J;, isindicative of the effect of the

algorithms on the damper’s stroke; the lower the J;, , the more conservative an agorithm and the more

thereis margin for increasing the stroke and hence the system’s performance.

Thus, more conservative agorithms for given min/max damping ratios, can be used to lower the
maximum damping coefficient of the auxiliary device. For example, while the MR or ER damper of the
DBG controlled STMD device has a maximum critical damping ratio of 20%, similar performance can be
achieved by the VBG controlled STMD device using a maximum damping coefficient of ailmost half this
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(i.e. 10%); denoted as VBGopt in Table 2. As a matter of fact, not only the performance of the VBG is
closer to the DBG but also the maximum stroke of the VBG controlled device remains considerably lower
than the DBG device (73 cm compared to 82 cm). Similarly, atering the maximum damping coefficient
for the PID and LQR controlled STMD from 20% to 10% identical performance gains can be observed.
The interplay of stroke and damping ranges is shown in Figs. 4, 5, which repeats the comparison of Figs.
2, 3 for when the allowable stroke is capped. Recapitulating, given fixed auxiliary device parameters
(max/min damping coefficients) the algorithm with the higher J11 performance index would always be
the least conservative algorithm since its performance merit arises from a substantial increase in the
damper’s stroke. On the other hand, when the maximum damping coefficient is lowered and consequently
the size and number of ER or MR dampers is reduced, the more conservative agorithms (lower J;, )
attains similar performance at the expense of lower strokes. Obviously, the question of what is the best
algorithm for a given device would now change to a question of which algorithm can be used to minimise
the number, size and force demands of the auxiliary device while maintaining good closed loop
performance within the predefined stroke limits.
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Fig. 4. Comparison of different control algorithms of the STMD when the allowable damper stroke is capped
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Beyond the apparent performance gains of the different algorithms, it has been a so observed that for low
primary structural vibrations, better response reductions can be achieved via the use of more conservative
algorithms. Therefore, aternating algorithms (i.e. conservative for low primary structural vibrations and
vice versa) can be used to obtain an overall improved vibration attenuation performance. On the other
hand for the case of least conservative algorithms (algorithms that require high damping ratios for
limiting the stroke) if larger strokes are allowed, there is a bigger margin for improving performance until
the optimum damping ratio is reached. This implies that such agorithms make a better use of the
minimum damping ratio, and through use their high damping capacity only when necessary. This is
similar to reducing the damping ratio of the passive device (thus increasing its stroke) up to a point where
no performance can be gained.
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Table 2. Performance criteria

Index LQR VBG DBG PID BANG VBGopt
J, 259 2.48 253 1.88 1.89 267
J, 0.44 051 0.44 051 051 0.46
J 058 0.63 0.58 063 0.63 0.60
J, 0.500 054 0.50 054 054 052
Js 2.38 2.06 2.26 1.64 163 231
Js 435 4.49 5.01 499 493 435
J, 2.49 243 2.70 1.67 2.02 247
J 0.45 055 0.46 055 056 047
Jy 052 0.59 054 061 061 057
N 0.45 051 0.46 052 052 0.46
3, 2.34 2.05 253 1.89 157 2.26
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