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SUMMARY

This paper investigates the use of a two-terminal vibratoppression device in a building. The use of
inerter-spring-damper configurations for a multi-storeylding structure is considered. The inerter has
been used in Formula 1 racing cars and applications to v@sgatems such as road vehicles have been
identified. Several devices that incorporate inerter(s)well as spring(s) and damper(s), have also been
identified for vibration suppression of building structir&éhese include the tuned inerter damper (TID) and
the tuned viscous mass damper (TVMD). In this paper, a threey building model with a two-terminal
absorber located at the bottom subjected to base excitatgindied. The brace stiffness is also taken into
consideration. Four optimum absorber layouts, in termsa¥ Bpring, damper and inerter components
should be arranged, for minimising the maximum relativeldisements of the building are obtained with
respect to the inerter’'s size and the brace stiffness. Thesmonding parameter values for the optimum
absorber layouts are also presented. Furthermore, aifeeabithquake data is used to show the advantage
of proposed absorber configurations. Copyri@n2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Mitigating the seismic response of a structure has atttiattte interest of researchers for many
decades. Tuned mass dampers (TMDs) were proposed as a dyiilaraiion absorber by Frahr][

in 1909, then Villaverde ] and Sadelet al.[3] showed that placing the TMDs at the upper stories
of buildings is an effective way to reduce the vibrations loé structures. The classical method
of choosing the damping ratio is based on the tuning methodqgsed by Den-Hartog/] and
others B8], and Krenk characterised the damping properties of the Bv®identified the optimal
damping by analysing the motion of the structural mass akasehe relative motion of the damper
mass in §]. Multiple TMDs [10, 11] and combining TMDs with base-isolation systemg][have
also been shown to be effective in suppressing vibrafibe. TMDs are widely used as suppression
devices for buildings]3-15], however, the downsides of this kind of device are its weaid the
fact that the device must be situated of the top of the buglfihin maximum effectiveness. In the early
2000s, Smith [L6] introduced a new device, called the ‘inerter’, which is @tterminal equivalent to
the mass element, with the property that the applied forpeoigortional to the relative acceleration
across its terminals. Applications of inerters in struetuhave been identified in a wide range of
mechanical systemd 7-25]. By using inerters for vibration suppression of buildirteusture, the
two downsides of the TMD can be eliminated, since the inexder provide a high inertance with
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2 SARA YING ZHANG, JASON ZHENG JIANG AND SIMON NEILD

a much lower mass because of it can include significant ggarid the suppression device can be
installed at the bottom rather than the top because it gezseagforce based on the relative motion.
In [26], Wanget al.identified several simple absorber layouts incorporatiegter device which are
beneficial in reducing vibration of a one degree of freedo®fpand a two DOF building models.
The tuned inerter damper (TID) was proposedr and it has been shown that the performance of
a TID mounted across the ground and lowest floor of the strecan be better than that of a TMD
mounted at the top of the structuir.[28], Krenk and Hggsberg studied the effect of the other non-
resonant modes and proposed a new design method for TMDsIBsdIRagoet al.[29] presented

a new seismic control device the tuned viscous mass dampéfD) and analysed the performance
of itwhen installed in a SDOF structure. The TVMD consists @ferter-like ball screw mechanism
mounted in parallel with a viscous damper (which they terfid®), and a soft spring connecting
the VMD to the primary system. This shift spring can be thdugflas representing the connecting
brace compliance. Comparing with the conventional visaasper, it also has been shown that
the TVMD is the most effective absorber for the single-degréfreedom systems with dampers
having the same additional damping coefficient.36]] Ikagoet al. obtained the optimum response
of a MDOF building structure with TVMDs in every story. Inertlike devices known as inertial
dampers have also been introduced3d][ A new device based on inerter named as TMDI was
proposed in 32]. As the inerter has the direct analogy in the electrical domihie TID has also
recently been implemented electrically and coupled to thessire using a coil actuatoBJ|.

In the traditional force-current analogy between mechar@nd electrical networks, the physical
masses, dampers and springs correspond to the electripatit@s, resistors and inductors
respectively. However, the conventional mass elemert faibe fully equivalent to the capacitor,
since one terminal of the mass is always connected to thendrowith the invention of the
inerter, this problem can be fully solved and the electrtb@lorems can be directly used in the
analysis and synthesis of mechanical networks, thus abidhvp®sitive-real mechanical impedances
to be synthesised. Both the TID and the TVMD use the inertea fixed configuration, which
restricts the use of the passive impedances and limits thiewable performance of the mechanical
system. In this paper, we use the mechanical admittanceptesent the absorber and obtain the
optimum configurations of it by the network synthesis the®&utt-Duffin [34] proposed the most
general transformerless synthesis procedure to realig@@sitive-real functions with a network
consisting of resistors, capacitors and inductors. Howélis procedure is not ideal since it needs
a large number of elements, which is at odds with a mechanéedisation of the device where
minimising the network complexity is crucial. By introdag the concept of regularity, Jiang and
Smith [35] presented the complete set of biquadratics that can biseddly networks consisting of
three resistive and two reactive elements. Applicationsigfiadratic functions as the mechanical
admittances to vehicle suspension have been identified428]. It is well known that for the
TMD, the mass ratio is very important in civil engineeringe adding large mass to the structure
imposes additional structural constraints. Due to geatimginertance provided by an inerter can
far exceed the mass of the device. An effective way to obtaissmatio of37.5 was reported by
Gonzalez-Buelgat al. [36], who tested a commercially realisable device. Here, wé agihsider
the case of a device with a single fixed-inertance inerteckvis positioned across the lowest floor
and ground levels. Selecting the inertance before optimitie suppression device allows us to
scale the device in the same way as is done by selecting treratasfor a TMD.

It is known that the vibration suppressors, such as dampegdgnstalled on braces at different
storey levels 37]. The performance of the structures with the brace compéahas been
investigated in 38, 39. In this paper, considering the installation of the viiwatabsorber, a
brace compliance is also included between the structuretl@dlevice. Many cost functions
could be selected for the optimisation, we select an exampéewhile noting it is the approach
proposed in this paper rather than the specific results wikict the most interest. By choosing
the relative displacements of the storeys to that of the haghe performance index, the example
optimisation objective function is generated. Utilizitgtpatternsearch and fminsearch functions in
MATLAB, the optimum configurations for the suppression devian be obtained. Then making use
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OPTIMAL CONFIGURATIONS FOR A LINEAR VIBRATION SUPPRESSIOREVICE 3

of simplification approaches, some approximate optimunfigorations with significantly fewer
elements are proposed with respect to the inertance and stiéoess.

This paper is arranged as follows. In Sectiyrwe introduce an idealised building model, the
objective function and the optimisation approach also ezsgnted. Then, in SectiGnwe propose
a fixed-sized-inerter admittance which is synthesized bgrse@lement network, named the fixed-
sized-inerter layout and the structural response is shonthé optimised device. The simplification
of the fixed-sized-inerter configuration is carried out irct8m 4 and four simple approximate
optimum configurations are identified with respect to thetars size and the brace stiffness.
Conclusions are drawn in Sectién

2. BUILDING MODEL AND OBJECTIVE FUNCTION

2.1. Multi-storey building model

The building model is represented byna-storey structure, reduced tora-DOF lumped mass
system as shown in Figufe The structural damping is taken to be zero because its isatypically
small compared with the control device. The vibration seppion device is located between the
ground and the first floor, which makes the installation ofadhsorber much easier and it needs to be
noted that only one control system is used at a time. The @lositstem is assumed to be a passive
mechanical admittance(s) = F'/v [17,40], where F' is the force exerted by the control device
andv is the relative velocity between the two terminals. Morgpvibration suppressors, such as
dampers, are usually installed via a brace between stovelsleHence, it is necessary to consider
a brace stiffnesg, which is in series with the absorber attached to the first fllmoour research,
we consider a three-storey building model with equivalemrflstorey masses and equivalent
inter-storey elasticity:. We fix the parameters of the three storey building modetas 1 kNs?/m
andk = 1500 kN/m. The parameters for the building model are the same as theisetein the
TID paper R7] and these numerical values were selected for conveniehie retaining realistic
natural frequencies and noting that the parameters soaarly. To include the effect of the brace
stiffness, we consider the rangg< [k/10, .

7Lth :I;TL
storey My
ko,
Tn—1
Mp—1
?
ith = xX;
storey
?
15t T
storey
ks
k
! Y(s)

Tr

Figure 1. Schematic representation of an idealised bgjldimd lower floor suppression device with brace
compliance subjected to ground motion.

Defining the variable matrix

:c:[xl T2 X3 ]T
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4 SARA YING ZHANG, JASON ZHENG JIANG AND SIMON NEILD

wherez; is the displacement of thah storey and the relative displacement of ki storey to
the base is;; = 2; — r. Then making Laplace transformation af we can obtain thaZ;(s) =
X;(s) — R, hence the steady-state equation of motion for the corttofiodel of Figurd,, in matrix
form, in the Laplace domain is

m 0 0 2%+ 3~k 0 m
0 m 0 |s?Z+ —k o% —k | Z==1 m | s*R
0 0 m 0 -k k m

whereZ = X — R represents the vector of relative storey displacementseibLaplace domain.

2.2. Objective function and optimisation approach

There are many design criterions for a vibration absordé}. [In this paper, we consider the
displacements of each building storey relative to that eftihse. The objective function is defined
as

JOO:maX(HTRﬁZL'(jw)Hoo)a =10 1)

whereTr_, z, denotes the transfer function frofto Z;, || Tr—, z, (jw)|| . is the standard/..-norm,
which represents the maximum magnitudeTf , -, across all frequencies. We note that many
objective functions considering different motions, suslirger-storey drift, and weighted frequency
distributions can be devised. Here, as the configuratiomigrtion approach is of primary interest,
we just consider this example objective function.

12
Sﬁo il M 7
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0 f ! ! ! + /L\—
2 4 6 8 10 12
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12 T T T T T T
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=X 6 .
N
0 I 1 l 1 1
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Figure 2. Displacement comparison: optimised TID usitgwith k; = 142.7kN/m, ¢4 = 3.263 kNs/m
(thin solid line) and TID proposed ir2[] with k; = 138.6 kN /m, ¢4 = 2.5 kNs/m (thick dashed line).

The design of the absorber for the MIMO structures is ofteni@adout in the fundamental mode,
with initial tuning based on the assumption that the nafiuegjuencies are well separated, hence the
contributions from higher mode are ignored. In reality, thedal cross coupling has a deleterious
effect on the tuning in some cases. Hence, we propose olgdatiction () to avert this problem.

In order to show the feasibility of our objective functiongwptimise the building model used
in [27] with the same TID configuration. The value of the inetter 499 kg is fixed as the same as
that in [27]. By optimising.J.., we obtain thak,; = 142.7kN/m, ¢4 = 3.263kNs/m. The authors
of [27] chose the value of spring and damperas= 138.6 kN/m, ¢, = 2.5kNs/m based on Den
Hartog tuning methodq] targeting the first mode. By analysing the displacememtorse with the
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Figure 3. Fixed-sized-inerter layout) and corresponding network configuratig@n

TID of these two different set of values, Figitesuggests that with objective functiof)(the TID
device results in much smaller displacements of all theetAoors in the vicinity of the second and
third fundamental frequencies. Although the displaceroétite first storey in the first fundamental
frequency obtained from the objective functidyg is slightly bigger, the max response displacement
of the first fundamental frequency is smaller (for the thimtey) comparing with the results i&T].
Using the objective functionl], we compare the TID configuration as an example, with the
conventional TMD. Because the inerter device can achieviglzehinertance with a much lower
mass via the gearing mechanish®], we choose the mass of TMD &80 kg, and the inertance of
TID is 1000 kg. By optimising the objective function, we obtain that foethiMD, J., = 35.45 with
¢q = 2.51 kNs/m andk, = 32.6 kN/m, and the TID achieves an optimal value.bf = 5.03 with
cq = 8.08kNs/m andk, = 290.7 kN/m.

3. FIXED-SIZED-INERTER (FSI) LAYOUT AND OPTIMISATION RESUTS

In this section, a fixed-sized-inerter layout is introduddsing network synthesis, it can be realised
by a seven-element network comprising of dampers, sprimgs ane inerter. An example of
synthesis process is now provided and the optimisatioriteesith this layout for three different
brace stiffness versus the inertance will also be shown.

3.1. Network synthesis and fixed-sized-inerter layout

Given a general admittancg(s) for the mechanical absorber with unknown parameters, the
optimum admittance can be obtained by optimising the objedunction in MATLAB. As
discussed in the introduction, we consider a single fixeg sierter and propose the overall device
layout shown in Figur&(a), named as fixed-sized-inerter layout (FSI layout), wher

s+ Qg
Li(s) = 7~
1(s) B1s + Bo
s+
La(s) = 615+ 0o
The admittance of the absorbg(s) for the layout shown in Figurg(a) can be expressed as
L1(s)(bs + La(s))

Y(s) =

~ bs+ Ly(s) + La(s)’ @)

where we také € [100 kg, 3000 kg].
In the network synthesis, there is a procedure to removeimaagpoles and zeros and subtract
positive constants, which is called “Foster Preambi@/43]. Using such procedure, it can be shown

Copyright© 2015 John Wiley & Sons, Ltd. Struct. Control Health Monit(2015)
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Figure 4. The optimum values 0f. with the FSI layout for the three brace stiffness versus

that to guaranteé; (s) and Ly (s) can be realised with spring(s) and damper(s) amly,5o, 51, Yo,
dy, andd; should be non-negative and satisfy the following two candk,

Bo — Bravg <0, 3

and
dp — 6170 < 0. 4)

Based on network synthesis theory, the admittari¢e) (2) with the conditions §) and @)
can always be realised by the seven-element network showigure3(b). The element values
of the network of Figur&(b) can then be obtained. For example, for the case- co and
b = 2200 kg, we obtain the optimum parameters ¥fs) asag = 19.1, 81 = 3.35 x 107>, By =
1.00 x 10~ and vy = 1.01 x 103, 6; = 27.5, §, = 1.26 x 1076 and it achieves the value of
Jso = 3.197. By using Foster preamble procedure, we can obtain the elevatues of the seven-
element network of Figur(b) as: c; = 1.91 x 10°kNs/m, ¢y = 29.9kNs/m, k; = 571kN/m,
c3 = 8.35 x 101°kNs/m, ¢4 = 3.60 x 10~°kNs/m and ky = 3.85 x 1072kN/m. It can then be
checked that

La(s) = s+ap  ci(cas+ k)
! Bis+pPo (a1 +ca)s+ ki’
Lo(s) = s+  c3(cas+ ko)

B 018 + dg o (03 +C4)S+k2.

3.2. Optimisation results for fixed-sized-inerter layout

We now use the FSI layout shown in Figu:) as the candidate vibration suppression device
for optimisation. The brace stiffnegs is chosen from our considered rangec [k/10, oc]. Two
boundaries and the median of the range are chosen as thécspee stiffness to be studied, which
areks = oo, ks = k/5 and ks = k/10 respectively. Making use of patternsearch and fminsearch
command in MATLAB, the optimum results of the objective ftina (1) for the three different
brace stiffness have been shown as the grey dashed line umeRBigwith respect to the certain
rangeb € [100kg, 3000kg]. It can be seen that the optimum result increases, in terrtiseofost
function, as the brace stiffness decrease, which refledattiehat with a less stiff brace a smaller

Copyright© 2015 John Wiley & Sons, Ltd. Struct. Control Health Monit(2015)
Prepared usingstcauth.cls DOI: 10.1002/stc
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Figure 5. Displacement response comparison: FSI layoir $ilid) whenb = 2200 kg and damper (thick
dashed) for the cagg = co.

proportion of the relative displacement between the flamtsinsmitted to the device, and the fixed
brace stiffnesg, = oo is the most desirable case.

When investigating the proposed FSI layout, it is benefitaosider whether it gives improved
level of performance comparing with the commonly used temrinal device, a viscous damper.
An example is presented in Figubeto demonstrate that the proposed layout can rediugcd1l)
further than a damper. The building model is considered hiitite stiffness, = co. The damper
Y (s) = ¢ achieves an optimal value of, = 3.93 for ¢ = 69.94 kNs/m. As discussed in Section
3.1, whenb = 2200 kg, the FSI layout achieve$,, = 3.197. Here, al8.7% improvement of the
value of J, can be obtained with the FSI layout compared with that of #umkr. It can also be
seen from Figur® that in the first fundamental frequency, the max relativpldisement response
occurs at third floor and the displacement with the FSI laysw@imaller than that with a viscous
damper.

4. SIMPLIFICATION OF BENEFICIAL FSI LAYOUT

4.1. Simplification of FSI to IPD and TTID

The FSI configuration shown in FiguBgb) consists of seven elements and three additional degrees
of freedom. It would be complex to implement as a mechanieaiog. We therefore adopt a
simplification approach, where we neglect the parallel elets with a relative small value and
replace the series element of a relative large value wittgia iGonnection. As an example of
this process, we consider the cdse= co andb = 2200 kg, which has been used as example in
Section3.1. A simpler configuration may be achieved by rigidly fixing(ascs > ¢4) andc; (as

c1 > c9) and neglecting, (ascy < ¢3). This simpler configuration, termed the turned TID (TTID,
the additional T indicating an additional tuning from syrity)) is shown in Figures(b,) and once
reoptimised results in thé,, of 3.199. There is jusd.3% degradation i/, with this much simpler
structure. A comparison of these two systems is given inféigpthe response is very close to each
other. Following the similar simplification approach forthle range of inertancieand allowing up

to 10% degradation of the value of,,, the FSI layout can be reduced to two simpler configurations,
the TTID and the IPD (inerter in parallel with a damper), shaw Figure6, for all the three brace

Copyright© 2015 John Wiley & Sons, Ltd. Struct. Control Health Monit(2015)
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Figure 6.(a) The FSI configuration and its simplification ¢, ) the IPD and(b2) the TTID configurations.
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Figure 7. Displacement response comparison: FSI configaratf Figure6(a) (red solid) and TTID of
Figure6(b2) (blue dashed) whelh= 2200 kg andks = co.

stiffness considered. It should be noted that in choosih@adegradation in the level of the cost
function, we take the view that 80% improvement inJ,, does not justify the extra complexity
of the absorber configuration along with identically unigia element values that are needed to
obtain this improvement. Figuigshows the optimum values of the objective functibg with the
FSI layout, the IPD and the TTID, respectively, whiers in the range oft 00 (kg) to 3000 (kg)

for the three brace stiffness. Here, the TTID and IPD respeisve been truncated in the range
of b to show just the regions where they achieve acceptdhlecompared with that of the FSI
configuration. Short vertical lines show the transitionpdietween the IPD and the TTID. Noted
that the IPD and TTID configurations together can providdlaimbehaviour to the FSI layout with
the full range of inerter values considered. For the éase k/5, whenb € [150kg, 170kg], there
appears a highest degradation.gf, and it can be checked thai3% degradation in/, is the
highest withb = 165 kg, which is below our limitatiori0%. Also note that the range covered by the
IPD decreases as the brace stiffnesslecreasing. And wheh, = k/10, the FSI structure can be
reduced to only one simple structure, the TTID, for the whialgge of inertance considered.

Copyright© 2015 John Wiley & Sons, Ltd. Struct. Control Health Monit(2015)
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OPTIMAL CONFIGURATIONS FOR A LINEAR VIBRATION SUPPRESSIOREVICE 9

0
100 500 1000 1500 2000 2500 3000

b (kg)
Figure 8. The optimum results comparison between the twpesimonfigurations (IPD with red line, TTID
with blue line) and the fixed-size inerter admittanggwith the FSI layout shown as a grey dashed line.

(a) (1) (b2)

o
o
N

Figure 9.(a) The TTID configuration and its simplification t,) the damper (D) andby) the TID
configurations.

4.2. Further Simplification of TTID to TID and Damper

The TTID configuration contains four elements and it is mooenplicated than the TIDZ7]
and the TVMD R9] mentioned in the introduction since both of them just hawee elements.
From the optimal elements values obtained for the TTID, it ba noticed that for a range of
value, the TTID can be further reduced to a damper (D) or a Bliawn in Figured, using the
simplification approach described in Sectibn. The acceptable degradation.6f for reducing
TTID to D and TID configurations was set 8. To demonstrate this simplification, we consider
the same example used in Sectibhwith k, = co andb = 2200 kg. It has been shown that the FSI
layout can be reduced to a TTID, which achieves the valug.o& 3.199 with the element values
¢ =29.6kNs/m, k1 = 573.06 kNs/m andk, = 0.10kNs/m. By removing the small springs, the
TTID is simplified to a TID. Reoptimising with the TID resuits /., = 3.201 with ¢ = 29.6 kNs/m
andk; = 575.95 kNs/m. The value ofJ., only increases bg.06%, which is negligible.

As a result, four simple configurations (IPD, D, TID and TTIB)e obtained. It can be seen
that the IPD is the special case of the TVMD, which is obtaibg@dding a spring in series with
the IPD. Adding such a series spring to the IPD is similar uding the effect of the brace

Copyright© 2015 John Wiley & Sons, Ltd. Struct. Control Health Monit(2015)
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Figure 10. For brace stiffneds = oo: (a) the optimum results, (b) the corresponding dampingeslvith
IPD (red), Damper (green), TID (purple) and TTID (blue).
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Figure 11. For brace stiffneés = k/5: (a) the optimum results, (b) the corresponding dampingesivith
IPD (red), TID (purple) and TTID (blue).

stiffness. We note that Ikaget al. proposed the TVMD and applied in a different manner with that
is considered here, namely it was installed at every sty A comparison of the optimum values
of J, using these four simplified configurations with that of thd E§out for the three brace
stiffnessk, = oo, ks = k/5 andks = k/10 are given in Figured0(a), 11(a) and12(a), respectively.
The corresponding damping values for the configurationshosvn in Figured0(b), 11(b) and
12(b), respectively. Here, we allow B0% performance degradation relative to the FSI layout, it
can be seen that these four simple systems together canxapptely achieve the value of.,
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Figure 12. For brace stiffneds = k/10: (a) the optimum results, (b) the corresponding dampingesl
with TID (purple) and TTID (blue).

of the FSI structure, versus the range of the inerter valoesidered, while being much easier
to implement. Hence, instead of the real optimum configanati-S| configuration) obtained from
the admittancé’(s) (2), these four simple systems are scheduled as the apprexiopditnum
configurations in this paper. Figui€(a) shows that the approximate optimum structure is an
IPD for ks = co whenbd € [100 kg, 500 kg], a single damper wheh € [500 kg, 1550kg], a TID
whenb € [1550 kg, 2600 kg] and a TTID wherb € [2600 kg, 3000 kg]. Short vertical lines show the
transition point between the four simplified configuratiohise dotted lines show the performance
of the simplified configurations outside the region in whitieyt outperform the other simple
configurations. It can also be noted that the TID and the Dampesimplifications of the TTID,
hence the optimum results for the TTID are similar to thos¢hef Damper and the TID in the
regions where the TID and Damper are presented as altegn&acall that the TTID is replaced
with the TID or Damper when their cost function values are rwerthar8% higher than the TTID,
the optimal range of the TTID can be determined. Observeftndt > 2500 kg, an increase i
leads to an increase in,, (hence worse performance based on the cost function) anttegase in
the damping required. This region, which we term the sulbbagitregion as a larger inerter device
requires a larger damper and achieves a worse performaitides urther discussed in Sectiar3.
Finally we note that the damper parameter is much lower irirfibethan when a pure damper is
considered in their optimal regions. As discussed eaihidhe paper by Lazaet al. [27] the case
whereb = 499 kg was considered. They proposed the use of the TID. In dointheg,considered
the size of a damper that could match the performance of thdifidling that the damping parameter
was an order of magnitude larger in the pure damper configaratiere, instead, the emphasis is
on the cost function performance and we find that when opéichike damper can outperform the
TID in this region.

The results in Figuré1(a), suggest that for the brace stiffnéss= k/5, only three simple
configurations are needed to obtain the similar optimumltgswhich are the IPD whemn €
[100 kg, 165 kg], the TID whenb € [165 kg, 410 kg] and the TTID wherb € [410 kg, 3000 kg]. It can
be also noted from Figurgl(a) and (b) that fob > 350 kg, the value of the cost function and the
corresponding damping values are increasing as the valumofeasing.

For the case where the brace stiffnéss= k/10, Figurel2(a) shows that the TID and TTID
are the approximate optimum configurations wlhen [100 kg, 210 kg] and b € [210 kg, 3000 kg]
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Figure 13. The corresponding spring values of the TID (tipokple) and the TTID ( thick blue faty, thin
blue forky) for (a) ks = oo, (b) ks = k/5 and (¢c)ks = k/10.

respectively. Furthermore, in conjunction with the cop@sding damping values shown in
Figure12(b), it can be seen that the optimum valuejgf and the corresponding damping values
become larger with the value bincreasing for the range éf> 180 kg. As a result, the region that
b > 180 kg is suboptimal when brace stiffneBs = k/10.

Figure13 shows the corresponding values for the stiffness of the TiDthe TTID for the three
different brace stiffness; = oo, ks = k/5 andk, = k/10 with respect to the inerter’s size within
which the TID or the TTID configuration is optimum.

The optimal configurations within the range bf [100kg, 3000 kg] and the corresponding
parameters have been summarised in Talibe three different brace stiffness. It can be seen that
the configuration TID is the optimal configuration for all tineee brace stiffneds, = oo, ks = k/5
andks = k/10. The optimum value of], increase and the optimum parameters of TID become
smaller as the brace stiffness decreasing

4.3. Proposed simple configurations

From the analysis shown above, we can conclude that thessifople configurations are effective
in replacing the FSI layout as they provide a similar value/gf for the base excited structure.
What is more, the approximate optimum simple configuratsodifferent for the differend value
and different brace stiffneds. Also a larger inerter does not always give a better perfaceabut
a larger brace stiffness can provide a smaller valué,of

Based on the conclusions obtained for the three specifietstifnessk, = o, ks = k/5 and
ks = k/10, we optimise the objective function with these four simpdafigurations (IPD, D, TID
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Table I. The optimal configurations fére [100 kg, 3000 kg] for the three different brace stiffness.

Brace stiffness Optimal configurations

Type | Joo | b(kg) | ¢(kNs/m) | k(kN/m)
ks = 0o TID | 3.05 | 2400 32.9 642.3
ks =k/5 TID | 14.88| 350 6.05 121.3
ks = k/10 TID | 28.93| 180 2.85 59.4

and TTID) for many brace stiffneds values in the range dk; /10, oc]. The optimal regions for
these four simple configurations with respect to th&lue and structured to brace stiffness ratio
k/ks are shown in Figuré4.

This provides guidance for selecting the appropriate canditions given a certain inertance and
brace stiffness values. By identifying the region, in whintreasing always give a larger minimum
value of J, and at the same time there is no meaningful reduction in thepda parameter, the
boundary of the suboptimal region is identified and it is shaw a shaded region limited by a black
dashed line with circle markers in Figuid.

k/ks

8,9“ W . .
0 ©
500 1000 1500 2000 2500 3000

b (kg)

Figure 14. The optimum structures with differéntalues and brace stiffness ratigk.

Finally, we consider the performance of the building modgbjected to earthquake base
excitation. In line with the TID paper by Laset al.[27], we chose a ground acceleration recorded
from the Tohoku earthquake that took place in Japan on thedfivarch,2011, which is shown
in Figurel15(a). All the structural parameters are kept unchanged, ptienam control system is
selected based on the inertance value and the brace stiffneSelectingy = 250 kg andk, = k/2
(shown as the asterisk in Figuté), the approximate optimum control configuration is the IPD.
By optimising the objective functionl}, the optimal parameters for the IPD can be obtained as
¢ = 25.6 kNs/m. The optimum relative displacement time history of thedHioor is shown as the
red line of Figurel5(b).
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Figure 15. (a) Ground acceleration time-history and (b) fBvdr relative displacement time history with
optimum IPD configuration (red) and optimum TID configuratigreen) forb = 250 kg andks = k/2.
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Figure 16. Single-sided Fourier spectra of (a) the grouncelacation and (b) the 3rd floor relative
displacement with optimum IPD configuration (red) and optimT ID configuration (green) far = 250 kg
andks = k/2.

By optimising the model with the TID for the sante= 250kg and ks = k/2, we obtain the
optimal spring valug: = 81.3kN/m and the damping value= 1.94kNs/m. The corresponding
relative displacement time history of the third floor is simoas the green line of Figute(b). It
can be noted that the IPD perform better than the TID at thistpo b, k/k, space, as expected
from Figurel4. Figure16 shows the single-sided Fourier spectrum of the ground exa@n and
the third floor relative displacement response of the optimBD and TID configurations. The
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highest amplitudes are attained at low frequencies, anafttre only the0 — 8 Hz frequency
range is shown. The first natural frequency of the structsite, i= 2.74 Hz, tuned to match the
high amplitude frequency region of the chosen ground mofitie Fourier spectra of Figufes(b)
reflects the performance improvement compared the IPD amafign with the TID configuration
as obtained in Figur@5.

0.05f i

23] (m)

-0.05 b

-0.15 I I I I I I I I I
0

Figure 17. (a) Ground acceleration time-history and (b) fBvdr relative displacement time history with
optimum IPD configuration (red) and optimum TID configurati{green) fo = 250 kg andks = k/2.
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Figure 18. Single-sided Fourier spectra of (a) the grouncelacation and (b) the 3rd floor relative
displacement with optimum IPD configuration (red) and opitimTID configuration (green) far = 250 kg
andks = k/2.
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Figure 19. (a) Ground acceleration time-history and (b)fférat relative displacement time history with IPD
configuration (red) and TID configuration (green) foe 1000 kg andks = k/2.
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Figure 20. Single-sided Fourier spectra of (a) the grouncelacation and (b) the 3rd floor relative
displacement with IPD configuration (red) and TID configimatgreen) fot = 1000 kg andks = k/2.

The proposed configuration is also tested on a shorter daregicorded from Kobel995. The
time history and the single-sided Fourier spectrum are shioWigurel7(a) and Figurel8(a). The
relative displacement time history and the single-sidedrieo spectrum of the third floor with
the TID (IPD) have been shown as the green line (red line) gliel7(b) and Figurel8(b),
respectively. Again it can be seen that the IPD performsebdtian the TID wherk, = k/2 and
b= 250kg.
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Choosing the value of inerter and brace stiffnes$ as1000 kg, k, = k/2 (shown as the dot
in Figure14), the approximate optimum control configuration is the TiEz@ding to Figurel4.
Comparing with the optimum IPD configuration, Figuréb) and Figure20(b) both show the
optimum performance of the TID is better than that of the IRDhie time domain and frequency
domain respectively, as expected.

5. CONCLUSIONS

This paper proposed four optimum linear passive absorbefigroations with one inerter for

a building model with respect to the inerter's size and thacérstiffness. First, a generalised
building model was introduced and a steady-state equafiomotion for a controlled three-storey
model with the brace stiffness has been derived. Then, weduated a fixed-sized-inerter layout
for the suppression device considering of the manufacttoblem in reality. Making use of the
network synthesis theory, the corresponding fixed-sipedter configuration has been obtained.
Optimisation results of this fixed-sized-inerter (FSI)day have been given as a function of the
inerter’s size for the three different brace stiffness.c8ithe FSI configuration has seven elements
and three additional degrees of freedom, a simplificatioecgss has been carried out. As a result,
four simplified optimum configurations for the suppressienide have been obtained with respect
to the different inerter's size and different brace stiffeeThe corresponding parameter values
for these optimum configurations have also been preseniedlly: the responses to the Tohoku
earthquake data were presented to show the validity of thggsed optimal configurations.
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