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ABSTRACT. This paper investigates the application of multiple passiwsorbers incorporating inert-
er(s), spring(s) and damper(s) to suppress vibrations inlé-story structure. Oferent from the one
terminal mass element, the inerter was proposed as a tworigrelement, with the property that the ap-
plied force is proportional to the relative acceleratioroas its terminals. The device can be configured
to include gearing, hence allowing a far higher inerten@nttevice mass. The advantage of using a
TID as a suppression device mounted at the bottom of a ntalég building has been identified. In this
paper, a five-storey building model with two TIDs subjectedhie base excitation is studied. Both of the
these devices are located at the bottom. The criteriontseléor the optimisation is the minimisation of
the maximum relative displacement of the building. Funthare, the resulting structural responses are
compared to the case where a single TID is used at the bottosioiv the potential benefits that arise
from using multiple devices. In addition, we show that theuteng optimal inertance needed for each
device is smaller compared to the case where a single TIDei listween the ground and the first floor,
which makes the suppression system easier to manufacture.
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1 INTRODUCTION

Mitigating seismic response of a structure is very impdriacivil engineering. Tuned mass dampers
(TMDs) proposed by Frahm [1] in 1909 has been wildly accepiedn &ective passive control device.
The classical method of choosing the damping ratio is baseith® tuning method proposed by Den-
Hartog [2]. In [3], dual tuned mass dampers (2TMD) was prepd®r harmonically forced oscillation
of the structure and it was shown that 2TMD are mdfedaive than a single TMD. Multiple tuned mass
dampers (MTMD) has been studied in [4, 5], which conclude kiaMD can have a better performance
than a single TMD with the same mass.

The inerter, introduced by Smith in [6], is a two terminal gevwith the property that the force
through the terminals is proportional to the relative aecgion between them. With the gearing included
in the device, the inerter can have a far higher inertenaeiteanass. It €ers many practical possibilities
for passive mechanical control, such as vehicle suspefisjd8], and railway vehicle suspension [11,
10] have been identified. The results showed that the pesdioce of the systems can be significantly
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improved with the use of inerters. The inerter has been ssbaéy deployed in Formula One racing in
2005, under the name of J-damper [12].

The applications of the inerter to the civil engineering énéeen studied in [8, 14, 13, 15, 9, 16].
Ikagoet al. [13] presented the tuned viscous damper (TVMD) as the cbad¢ndgce of a single degree of
freedom system. In 2013, Lazetral. [9] proposed a tuned inerter damper (TID) by substitutirgrttass
of the widely used TMD with an inerter. It showed that the parfance with a TID mounted between the
structure and the ground can be better than that with a TMBeatdp. A new device cooperating with
inerter, named the TMDI, has been proposed in [16]. In [1&]esal optimal inerter-based devices were
proposed with respect to the inerter’s size and the brafeeds. All these applications are focus on using
one inerter-based control device at the bottom of the glditructure. In [14], TVMDs were mounted
between every storey in a multi-storey building and Takevetlal. [15] investigated the earthquake
response reduction with inerter-like devices known adigetampers used between several stories of a
building. The €ectiveness of the multiple inerter-based devices for sggimg vibrations of a building
has not been fully studied.

In this paper, two tuned inerter dampers (2TID) mounted athibttom of a five storey building
subjected to the base excitation is considered. The reldisplacements of the storeys to that of the
base is chosen as the performance index and using this, ianisgiton objective function is proposed.
The optimum parameters of the 2TID can then be obtained w#hact to the total inertence. For the
sake of comparison, a single TID located at the bottom wighstime total inertence is also considered.

This paper is structured as follows. In Section 2, an idedlibuilding model is considered for
performance analysis. We also propose the objective fam@nd the optimisation approach used in
this paper. In Section 3, two kinds of the 2TID configuratiavé been introduced and the optimum
parameters of them and a single TID are both obtained witrexgo the total inertance. The comparison
of the structural response with these three configuratiassalso been given. Finally, conclusions are
darwn in Section 4.

2 BUILDING MODEL AND OBJECTIVE FUNCTION

In this section, an idealised five storey building model vaitimtrol device mounted at the bottom is
introduced and the dynamic equations have been derive@ibhaplace domain. Then we introduce an
objective function with the relative displacement chosgtha performance index.

2.1 Thebuilding model

Considering a five-storey building model shown in Figure ithvequivalent floor masses and
identical inter-storey structural elasticities, repreasd by stifnessk. Since the structural damping is
relatively small compared with that of the absorber, it leetato be zero in this work. The suppression
system is attended between the first storey and the grouraligedt generates a force based on the
relative velocity and so this location has been shown to hamoyn for a TID [9]. Figure 1 gives a
schematic representation of the building, whéjerepresents the force generated by the suppression
device. In this paper, we fix the parameters of the five stowelihg model asm = 1kNs?/m and
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Figure 1: Schematic representation of an idealised bjldimd lower floor suppression device.

k = 1500 kN/m. The parameters for the building model are the same as theised in [9] and these
numerical values were selected for convenience whilemetgirealistic natural frequencies and noting

the parameters scale linearly.
The equations of motion for the system in Figure 1 are wriltbegtosolute coordinates as

mX; + 2kx; = kxo + kr + fg,
mXo + 2kxo = kXg + kXs,
mXsz + 2kxz = kxo + kX4,
mX4 + 2kxXs = kxz + kxs,
mXs + kxs = kx.

where in the Laplace domaifa(s) = sY(S)(R(s) — X1(s)) with Y(9) is the transfer function of the control
system from force to the relative velocity arigs), Xi(s), R(s) being the Laplace transforms &f(t),
X (t), r(t), respectively. By defining the relative displacement x; — r, (i = 1,2, 3), the steady-static
equation of motion with respect to the relative displacetmemmatrix form, in the Laplace domain is

m O 0O 0 O 2k+sY(s) -k 0 O O m
OmO 0 O —k %k -k 0 O m
0 OmO 0|2+ 0 -k 2k -k 0 |Zz=-| m|£R
0 00Om@oO 0 0 -k 2k -k m
0 00 O0m 0 0 0 -k k m

whereZ = X — Rrepresents the vector of relative storey displacementseihaplace domain.
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Figure 2: Displacement comparison: optimised TID usingi(ith ky = 1427 kN/m, cqg = 3.263kNgm
(thin line) and TID proposed in [9] witky = 1386 kN/m, cg = 2.5 kNs/m (thick line).

2.2 Objective function and optimisation approach

There are many design criterions for a vibration absorheth sis the absolute displacement and the
absolute acceleration. This paper considers the relaibmadements of each building storey to that of
the base as the performance index. The objective functidefined as

Joo = max([Troz(jw)||,). i=1.---.n (1)

whereTg_,z denotes the transfer function froRito Z;, | Troz (jw)||., is the standardH..-norm, which
represents the maximum magnituderaf,z across all frequencies. Although researchers often censid
the frequency range about the first fundamental frequencgshfunctions, particularly, for those based
on comfort, they commonly apply a weight distributions ie thequency domain. Here, it is the method
that is important, so we select a simple unity weighting. un @search)., represents the biggebt..-
norm among all the stories. The optimisation problem hegeto search the optimal parameters of the
control device by minimising the objective functidn. It should be noted that we use the patternsearch
and fminsearch tool box in MATLB, which is quite sensitivellhe setting of the initial values. However,
if the initial values are given properly, the optimisatiore anore accurate and faster than those global
optimum design methodologies, such as the genetic algorith

For MIMO systems, the design of the absorber is normallyiedwut by investigating the fundamen-
tal mode of response, with initial tuning based on the assiomphat the natural frequencies are well
separated, hence the contributions from higher mode witjihered. In reality, the modal cross coupling
has a deleteriousfiect on the tuning in some cases. Hence, we propose objeatietidn (1) to avert
this problem. To show the potential advantage of the objedtinction (1), we optimise the building
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Figure 3: The two tuned inerter dampers (2TID).

model used in [9] with the same configuration TID. The inéstsize is fixed adH = 499 kg, which is

as the same as that in [9]. Then we obtiain= 1427 kKN/m, cg = 3.263 kNgm by optimisingJ., with

the Matlab implementation of patternsearch algorithm. dinthors of [9] chose the values of spring and
damper agy = 1386 kN/m, ¢y = 2.5kNs/m based on Den Hartog tuning method [2]. The displacement
responses of the three storeys in Figure 1 with a TID usinggetieo set of values have been shown in
Figure 2. It can be seen that with objective function (1), THe device results in much smaller displace-
ments of all the three floors in the vicinity of the second dnditftundamental frequencies. Although the
displacement of the first storey in the first fundamental deetpy obtained from the objective function
Jw IS a slightly bigger, the max response displacement of theffindamental frequency is smaller (for
the third storey) comparing with the results in [9].

3 OPTIMISATION RESULTS
In this section, a 2TID control device is considered, seeifeig3, with the transfer function

B byby(cy + C2)S4 + (biboky + biboky + bicico + b20102)§ + (Crko + Cokg)(by + b2)32 + kiko(by + by)s

Y (019 + C15 + k) (0,9 + G5 + ko)

It is well known that for a TMD, the mass ratio needs to be lgdit 10% of the whole mass is
often seen as a generous upper bound, since adding largeathsoriginal system will add significant
structural loading. Although the inerter can have a hightemee with a much lower mass because of
its gearing, its size will be larger with a higher inertendéence, we limit the size of inerter of our
absorber. Here, we choose the total inertebce b; + b, € [100kg 6000kg]. The 2TID control
device is optimised for two cases. One is for the case wher@ThD respectively focuses on the first
and second natural frequencies of the original building ehosince adding the restricted amount of
inertence will not change the natural frequency signifigaand this case is denoted as 2T IThe first
and second frequency of the original building shown in Fegurare 175 Hz and 512 Hz, respectively.
The other case, denoted as 231D to optimise the 2TID device with no frequency constraintorder
to compare the multiple inerter based device with the singldroller, a single TID has also been taken

5
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Figure 4: The optimum results: 2Tiblue), 2TID, (red) and one TID (black dashed), whédres the
total inertance.

into consideration and the inertence of the TID is from 10@kg000 kg, as well. The optimum results
of the objective functiord,, for the three configurations (2TID2TID, and a single TID) with the whole
range of the inerter’s size have been shown in Figure 4.

It can be seen that the optimum results of the 2Tddd 2TID, for the two cases are close to each
other with respect to the inerter’s size although 27 [{i2rforms slightly better than the 2T{D It can
be checked that the highest variation between these twe 24d7% whenb = 3300 kg with 2TIDQ
achievingJ,, = 5.83 and 2TID achievingJ,, = 4.97. It can also be seen that when the valub
small, the 2TIQ and 2TID, perform much better than a single TID and th&atience of the objective
function J,, between them and the single TID decreases as the totalnioertacreasing. The 2TID
and 2TID, are more #ective than the single TID whem € [100kg, 1500kg]. The optimal inertance
proportionu = by /b of the 2TIDy, 2TID, has been shown in Figure 5(a). The optimum values fihets
and damping of the 2TIQ 2TID, and the single TID have been shown in Figure 5(b), (c) reggt

Table 1:J., optimisation with the TID, 2TIR and 2TID, whenb = 500 kg.
layout J.,  element valuesu(= byi/b, ¢ (kNs/m), k (kN/m))
TID 277 c¢=19 k=618
2TID; 16.3 u=0.89 ¢c;=0.76 =111
2TID, 155 u=0.88 ¢, =0.71, k; =540, c, =11, kp =781
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Table 2:J., optimisation with the TID, 2TIRQ and 2TID, whenb = 2500 kg.
layout J.,  element valuesu(= byi/b, c (KNs/m), k (kN/m))
TID 6.37 ¢=118, k=3207
2TID1 6.9 u=1¢=131 c=-
2TID, 6.11 u=0.65 ¢ =779 ks =2369, cp =3.17, kp =746
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Figure 5: The optimum parameters:(a) the optimum inertangportion (blue for 2TIR, red for 2TID,),
(b) the optimum damping, (c) the optimumfBtiess with one TID (black), 2TIP(blue solid forcy, ki,
blue dashed foc,, kp) and 2TID, (red solid forcy, ky, red dashed fot,, ko).

We have compared the optimum configurations (2TIPDTID, and a single TID) with two set df
values. Foib = 500 kg, the optimum results and optimal parameter settiogshese configurations
are illustrated in Table 1. Comparing with the single TID,28h improvement of the value @k, can
be obtained with the layout 2THand 440% improvement with 2TIDR. The biggest infinity norm of
the building model occurs at the fifth storey, hence we sh@icttmparison of the displacement of the
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Figure 6: Displacement response comparison: a single TiHzKR 2TID; (blue) and 2TID (red) when
b = 500 kg.
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Figure 7: Displacement response comparison: a single TiHzKRh 2TID; (blue) and 2TID (red) when
b = 2500 kg.
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highest floor between these configurations in Figure 6. Thplaltement around the first fundamental
frequency has been shown as the subfigure of Figure 6. It canb& seen from the figure that the
2TID4 and 2TID, perform much better than the TID across all the frequenaiestlae 2TID achieve a
slightly better response than the 2hl0OFurthermore, since the total inertance of the 2Ténd 2TID
configuration is the same as that of a single TID, the inedamitceach TID included in the 2TID
and 2TID, configuration is smaller than that of the single TID and thiskes the absorber easier to
manufacture.

Whenb = 2500 kg, it can be seen from Figure 4 that the three configurathave similar perfor-
mance and the Table 2 shows the optimal results and elemierisvaf them. Comparing with the the
value of J,, of the single TID, 2TIQ) has a degradation of®8% and 2TID achieve an improvement of
4.1%. The comparison of the fifth storey displacement respaitbethese three configurations has been
shown in Figure 7, and it also shows 2Tlperforms slightly better than a single TID, however, 271D
can not provide better performance.

4 CONCLUSIONS

This paper has studied the performance benefits of usingmewtbration suppression device with
inerters. An idealised five-storey building model was cdesgd for the analyses and the performance
index was chosen as the maximum relative displacement aitthies relative to the base. Twdldirent
2TID configurations including two parallel TIDs are intrashd as the proposed vibration suppression
system, one is the fixed frequency configuration 278nd the other is 2TIPwith no frequency con-
straint. The optimisation was carried out with a specifiaqgeanf inerter’s size in total because of the
importance of mass ratio and the manufacture problem. Ha& shcomparison, a single TID as the
suppression device was also investigated. A comparisomelegt these three configurations have also
been investigated to show thfertiveness of the multiple inerter-based devices. Fronbtiiiding con-
sidered here, we find that the optimum results of the two kwfd&TID configuration are similar with
2TID, performing slightly better than 2TID In addition, all of them can achieve much smaller value of
Jw than a single TID when the inertance is smaller than 1500 kg.
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