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ABSTRACT

This study focuses on the application of interyaket2 FLC (IT2FLC) in active tuned mass
damper (ATMD) for the control of a building modeled a single degree of freedom
(SDOF) system. Since taking the first mode of acstire gives a good approximation of the
building response, a SDOF system which demonstriitescharacteristics of the first
structural mode is used. One of the main shortcgmof the type-1 fuzzy systems is their
inability to consider uncertainty in fuzzy rulest2FLS has the ability to handle this
problem. It also takes into account uncertaintylaading and structural behavior. To
evaluate the efficiency of the proposed controllradf an 11-storey realistic shear building
is used. The IT2FLC is designed for the first moHaracteristics of the mentioned structure
for getting the maximum response reduction undiéereint types of earthquake excitations.
The results obtained by proposed control scheme w@mpared with those of uncontrolled
structure, structure with TMD and structure with MD through type-1 FLC. Numerical
results indicate that IT2FLC is very effective aducing the structural responses compared
with that of the type-1 FLC. It is also found ttd®signing the proposed controller for the
first structural mode can significantly reduce #ireictural response of realistic building.

Keywords. Active tuned mass damper; IT2FLC, type-1 FLC; SD€Btem, earthquake
excitation; response reduction.
1. INTRODUCTION

The response reduction of structures to dynamiditgg like earthquake and wind loads has
been a subject of study for many decades. Theteéve is a need to use structural control
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method for decreasing response and damage ingtesctStructural control methods are
divided into several categories including passaetjve, semi-active and hybrid control
systems [1].

Passive systems have been extensively used becheasy application, high reliability
and low cost. However, passive systems have sorfieiesheies like limited control
capacity. Tuned mass damper (TMD) is one of thesilgassive control devises which was
first used by Frahm [2]. Following him, many stugliwere done for determining optimum
parameters of TMD for decreasing the structurapaase [3-13]. Active control systems
were proposed due to limitations of passive systdmghese systems, control force is
generated by external energy source and is appbethe structure through actuator
according to a specified control algorithm.

One of the advantages of active control systertfseis strong capacity for mitigating the
structural response. If the flexibility and heigtitthe structure increase, the significance of
the active control systems has increased. Howeagtiye control systems have some
limitations like high costs of equipment and depamay on a continuous power supply.
Concept of active structural control was firstlyroduced by Yao [14]. Among the active
control devices which are reported in the literasurl 5], active tuned mass damper (ATMD)
has been a popular area of research in the last tthecades [16-32]. Performance of an
ATMD depends on the mass damper and controllerachearistics. Active control force in
an ATMD can be generated by different control athons. Some of these algorithms are
based on mathematical calculations like optimaltr@di16], pole assignment [17],+and
H[20], bang-bang [27] angenetic algorithm [32] methods. However, in the fasv years,
application of smart control algorithms like fuzzgs been increased. Because of its ability
to handle uncertainties and nonlinearities, inddpeny on mathematical model and its
inherent robustness, structural control with ATMDPough FLC has attracted the extensive
attention of researchers during the recent yea8slfl 21-26, 28-31]. One of the first
applications of FLC in an ATMD was performed by @&ati et al [18]. They used a 3-storey
benchmark building with an ATMD on the top floorhi§ structure was analyzed for
different earthquake records. They [19] also uséb-atorey benchmark building and the
structure was subjected to wind loads. They shdvesd FLSs can be exploited in structural
control. Aldawod et al [21-25] use two benchmarklpems of 5 and 76 stories with an
ATMD on the roof level. These structures were arediyunder different types of loadings
including earthquake and wind loads. They showed BLC is very effective in reducing
the structural response in comparison with thoseldéined by LOR and LQG methods.
Ahlawat et al [26] used GA for optimization of maksmper and FLC parameters of ATMD
which is placed on the top floor of the 76-storeptdhmark building. Another application of
GA for optimizing ATMD characteristics was providbyg Pourzeynali et al [28]. They used
an 11-storey realistic shear building and the stmecis analyzed under different types of
earthquakes including both far-field and near-figldund accelerations. They indicated that
FLC with optimized parameters has a better perfogaan comparison with optimal control
in reducing structural response. Wang et al [2®Jdufizzy sliding mode controller in an
ATMD. The results showed the efficiency of proposedtroller in reducing the structural
response. Guclu et al [30] applied FLC for a 15esteshear building using an ATMD and
Results indicated the high effectiveness of FLCPi® controller when subjected to the
Kocaeli earthquake ground motion.
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All the applied fuzzy logic systems in the previagigdies are denoted as type-1 fuzzy
logic systems. It is obvious that the availableinfation which is used for creating fuzzy
rules has uncertainty. This uncertainty is not aered in type-1 fuzzy logic systems. To
deal with this problem, type-2 fuzzy logic systewsare first proposed by Zadeh in 1975
[33]. These systems are developed forms of typezkyf sets and have the ability of
considering uncertainty in the available informatioeeded for constructing fuzzy rules.
Basic concepts related to type-2 fuzzy sets weaeuglly improved by Mendel et al [34-
39]. Liang and Mendel [37] offered an impressivetime for calculation of input and
antecedent operations for interval type-2 fuzzydamystems (IT2FLSs) using the meaning
of upper and lower membership functions. Karnik Rehdel [35] expanded the centroid of
an interval type-2 fuzzy logic set. Mendel [40]aldescribed important advancements for
type-2 fuzzy sets and systems.

Although type-2 Fuzzy logic systems have been ssfolly applied in many
engineering problems [41-45], its application irtiae structural control using ATMD is
considered as a new concept.

This study presents the application of IT2FLSs @emnerating active control force
between structure and ATMD through an actuator.eXamine the effectiveness of the
proposed control method, an 11-storey realisti@aslbeilding with an ATMD on the top
floor is considered. Firstly, IT2FLC is designedr fa SDOF system for getting the
maximum response reduction under different typesaothquake records including both far-
field and near-field ground accelerations. The msgness and damping constants of the
proposed system are chosen as the first mode ¢bassics of the realistic 11-storey
building [28]. Then, the designed IT2FLC for the &P system is used as the ATMD
controller of the 11-storey building. The obtainesults by the proposed control method
were compared with those of uncontrolled structsteicture with TMD and structure with
ATMD through type-1 fuzzy logic controller. The tdis show that IT2FLS is an effective
control method among the other control algorithorsréducing the structural response and
also the response of SDOF system driven by thegdedi I T2FLC has a good agreement
with the response of realistic building when thmeacontroller is used.

2. STRUCTURAL MODEL
A SDOF system with an ATMD on the roof level candmnsidered as two degree of

freedom system (Figure 1) and the equation of mofmr the proposed system under
seismic excitation can be written as follow:

M.U() +C.U() +K.U() =-M.E.a, +E.F 1)
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Figure 1. SDOF system with ATMD

Where, M, K and C, are the mass, stiffness and dagmpatrices of the SDOF structure
with an ATMD, respectively. U(t) is the horizont@isplacement vector with respect to the
ground. E is the influence vector which represeotsmn of ones. f&s a vector indicates
the location of control force. M, K and C matricasd U(t), E and Ef vectors are given by
the following equations:

U ={u, (®)u, O} 2)
M = diaglm,,m,] @)
K=[kl+kd —kd} 4

—ky Kq

C*+C —Cq
c* ~Cy Cd} ©
E={1,1}7 (6)
E; :{O-_11+1}T (7)

Equation 1 can be written in the standard stateesfiam as follow:
X =AX+B,.F+B,.q, (8)

Where X is a vector of size 2*2. A; Bnd Bg are defined by the following equations:
{ub

<<l

C

A= {[— M2K],, [-Mm ‘1.0]2*2} (10)
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B, :{{M{?}él} } (11)

floxg

N

In which, [0] and [I] are zero and identity squamnatrices of size 2, respectively. The
responses of different degree of freedom systenibeatetermined by solving equation 8.

3. INTERVAL TYPE-2 FUZZY LOGIC SYSTEMS

A type-2 fuzzy set in a universal set of X is defirasA and can be determined by:

A= Jlu:00/x) (13)
XX
45(X), indicates the secondary membership function sutgfined by:

#:09= [ (f,w/u), 3,00 (14)

w1,

Where {(u), J and u, are secondary grade, domain of secondamybership function
and a fuzzy set in [0,1], respectively. Whem(u)=1 for O udJ,, then secondary
membership functions are as interval sets andlitered fuzzy set can be called an interval
type-2 fuzzy set (IT2FS). It can be shown as below:

A= [(uz(0/x)= j[[ j(l/U)]/x], 3,0004] (15)

X xax \ \ i,

Equation 15 implies that IT2FS illustrates a uniforuncertainty in the primary
membership. An IT2FS is defined based on its uppdrlower membership functions. In an
interval type-2 fuzzy logic system (IT2FLS), foatgrof uncertainty (FOU) is defined based
on the upper and lower membership functions as:

FOUG) = U, o (2 (%), 1, () (16)

Figure 2 shows an interval type-2 fuzzy membershipction with footprint of
uncertainty (FOU), upper and lower bounds, andsisndard deviation. The general
structure of an IT2FLC is illustrated in Figure rBwhich the components are denoted as
follows:
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Figure 3. IT2FLS structure

3.1 Fuzzifier

Fuzzifier maps the measured inputs into fuzzy lisg values with the help of fuzzy
reasoning mechanism. In the present study, singleizzifier was used which its output is a
single point of a unity membership grade.

3.2 Rule base

In this part which is a set of IF-THEN rules, theokvledge of experts will be placed file
in IT2FLS can be written as:

Rj: If xisF, andx,isF,’ and..x isF,'thenyis G! (17)

Where x(i=1,2,...,n) and y are IT2FLS input and output, extjvely and also show the
type-1 or type-2 antecedent and consequent ssiectvely.

3.3 Inference engine

In IT2FLS, the inference engine combines rules eepitesents anapping from input to
output IT2FLS. Using input and antecedent operatithe firing set is obtained as:

F%M=ﬁ%ﬂm (18)

Where, t-norm is assumed to be product. Since tesept study discusses IT2FLS, the
firing input sets are defined based on the uppdramer membership functions as:
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FIO0 =(t000.T'(x)) (19)

Where * shows the t-norm andx) andt'(x) are the' upper and lower membership
functions, respectively and can be determined by:

F1(X) = Mgy D, UL, (20)
?j (X) :ZI'Elj DZ[,;ZJ' D...ngnj (21)

3.4. Type reducer and defuzzifier

Since the output of the inference engine is an H2& type reducer is needed before
defuzzification to convert IT2FS into type-1 fuzzgt. Type reducer was first proposed by
Karnik & Mendel [36,39]. In [39], five different ntleods of type reduction have been
suggested. Among these methods, center of sets)(6&Sbeen extensively used due to
easy calculation with the help of Karnik & Mendet&rative algorithm [36]. The COS type
reducer is an interval set which is determineddfirénd point () and right-end point ¢y
and can be written as:

Yeoslyiy 1= ié[ﬂ [---f_[ﬂtl/((ztlfjﬂj )/(Z’;Azlf J)» (22)
Where f OF, :ﬁj(x),?j(x)) and &’ is the centroid of'] consequent set. In general,

there is no closed-form formula for calculatinguydy,. However, Karnik and Mendel [34]
have proposed two algorithms for calculating engtgowhich are known as KM iterative
algorithms. In case of using singleton fuzzifierpguct inference engine and COS type
reducer, yand yr can be written as:

EINRERDIRY (23)
v=(EL e )L (24)

Where 6?,j and 6?,j are related to left-end point and right-end poinit" consequent set,

respectively. Finally, the obtained set from typelucer can be defuzzified by using the
average of yand y [37], as below:

y=[(y +v.)/2] (25)

4. INTERVAL TYPE-2FUZZY LOGIC CONTROLLER DESIGN

Fuzzy logic controller is designed based on thepcdata directly received through the
structure. This data is mapped on to fuzzy setsutiir the fuzzification process. In the
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present study, IT2FLC has been designed using mpotivariables each one having three
upper and three lower membership functions (MFs§l ane output variable with seven
upper and seven lower MFs. The upper and lower Btfesen for the input and output
variables are triangular shaped and have beenedke@in the common interval [-1,1]. These
MFs are shown in Figures 4 and 5, respectively. fliaey variables used to describe the
fuzzy space are defined in table 1. According gores 4 and 5, Hand Li (i=z,n,p) = lower

MF parameters of input variables;,ldnd m = lower MF parameters of output variables.

Table 1: Fuzzy variables
Membership

. Variable Definition
function
P Positive
Input Z Zero
N Negative
PB Positive Big
PM Positive Medium
PS Positive Small
Output Z Zero
NS Negative Small
NM Negative Medium
NB Negative Big

In this study, displacement and velocity of thefriewel of the SDOF system are chosen
as input variables of controller for the IT2FLC s In real applications, some sensors
must be installed on the floors to measure thelawten responses of building and an
integrator is used to convert the acceleration oreasents to the displacement and velocity
responses. The main purpose of using two inputbbes for the IT2FLC is to show the
efficiency of the fuzzy approach in the control [gem. These input variables help in
generating the inference rule base. If displacensenero and velocity is not zero, control
action with small intensity should be applied toimin the structure close to its neutral
position. If displacement and velocity are of tlaeng sign, the structure is moving toward
its extreme position and a control force with higtensity should be applied. If velocity is
zero and displacement is not zero, or displacemedtvelocity are of the opposite sign, the
structure is returning to its neutral position ancklatively small control force is applied. In
this study, the inference rules have been develbgezkpert's knowledge and are shown in
Table 2. Specifications of the IT2FLC used in stisdy have been given in Table 3.

Table 2: Inference rules for the IT2FLC

Velocity
Displacement N Z P
N PB PM PS
Z PS z NS

P NS NM NB
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Table 3: Specifications of IT2FLC

Aggregation = Maximum

Fuzzy Inference = Mamdani Type

Type reducer = COS

Defuzzification = Center Average

Degree of membership

Z (Upper Bound)‘

Z (Lower Bound)| \_

Lp

Displacement & Velocity
Figure 4. MFs of input variables (displacement aeldcity)
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Figure 5. MFs of output variable (active contraid®)
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5.NUMERICAL STUDY
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To evaluate the efficiency of the proposed contr@thod in reducing the structural
response, an 11-storey realistic shear building @it ATMD on the top floor is chosen [28]
and the structure is assumed to be subjected tlogeiaike excitations.
The International Association for Structural CohtfdASC) has identified four
earthquake records to be applied for investigativeg efficiency of any control system in
seismic applications. These ground acceleratioaEhiCentro and Hachinohe as far-field
and Northridge and Kobe as near-field earthquakies.peak absolute accelerations of these
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earthquake records are 0.3417g, 0.2250g, 0.826d@&178 g, respectivelTo examine
the effectiveness of the proposed control mettthe four aforementioned earthque
records, but scaled in intensity, are used in stusly. The eahquake records used are
Centro and Hachinohe with original intensity, Noidige with 30% of its original intensi
and Kobe with 40% of its original intensity [24ih this paper, only the simulation results
two earthquakes (Hachinohe as-field and Kobe as nedield) are considered. This is d
to thesimilarity of the results of the other two grourataleration:

At first, IT2FLC in ATMD is designed for a SDOF system whids properties ar
chosen as the first mode characteristics of tt-storey building.The properties of SDO
system and mass damper are provided in table 4 The important reasons for selectin
SDOF system are: its good approximation to the §itsictural mode, modeling simplici
and low computational tim

Table 4 Properties of SDOF system and mass damper
Mass (Kg) Stiffness (N/m) Damping ratio (%
SDOF system 1.057e6 5.148e7 5
Mass damper 62190 3029140 7

The peak displacement response and RMS displaceofetite SDOF system we
compared in different casincluding: uncontrolled, controlled with TMD and rteolled
with ATMD through typel FLC and IT2FLC in Figure 6. These results alorith peak
response reductions (Response reducti.{(UncontroledresponseControllec response)*loo})

Uncontrolledrespons
are also presented in Tabl5 and 6 for different control systems and different egttake
records, respectively.
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Figure 6. Controlled andncontrolled peak displacement response and RMfladisment o
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displacement of SDOF system under the Kobe andiHalecé @arthquake recor
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Table 5: Peak displacement response and peak sespatuction using different control systems

Peak displacement response of SDOF system (m) réspéinse reduction (%)
Type-1 Type-1

Earthquake

Uncontrolled TMD FLC IT2FLC  TMD FLC IT2FLC
Hachinohe 0.081 0.066 0.049 0.034 19.1 39.1 58.2
Kobe 0.146 0.119 0.083 0.070 18.6 43.5 52.2
Table 6: RMS displacement using different contysitems
Earthauake RMS Displacement of SDOF system
q Uncontrolled TMD  Type-1 FLC IT2FLC
Hachinohe 0.0219 0.0160 0.0143 0.0097
Kobe 0.0191 0.0130 0.0103 0.0102

The results show that IT2FLC decreases the pegiadsment response and RMS
displacement of SDOF structure more than the atbetroller systems (see Table 5 and 6).
The important reason that IT2FLC reduces the sirattesponse more than type-1 FLC is
the ability to handle uncertainties in fuzzy rul€se available information used to construct
the fuzzy rules, can itself be uncertain. Such tag#ies can only be considered by
IT2FLC. Uncertainty in fuzzy rules can be causediifferent sources. For example, if we
ask about choosing membership function paramefeirspat (Displacement and velocity)
and output (Control force) variables from differenperts, we will get different answers
from each expert. This is the proof to show unaetitss in antecedent and consequent fuzzy
sets. In addition, different experts give differanswers to the same question. It means that
there are various consequents for the same antgcéas example, experts have different
viewpoints about MFs of control force for the saMé&s of displacement and velocity.
Uncertainty can also be caused by other sourceselgkthquake excitation. The measured
structural response for activating the FLC canlfitee noisy under the effect of ground
acceleration. These types of uncertainties can telyhandled by IT2FLC. Now, the
designed IT2FLC for SDOF system is used as the ATtttroller of the 11-storey
realistic building. The properties of the 11-stobeylding are provided in Table 7 [28].

Table 7: Parameters of the 11-storey realisticdioj

Floor Mass (kQ) Stiffness (N/m)
1 215370 4.68E+08
2 201750 4.76E+08
3 201750 4.68E+08
4 200930 4.50E+08
5 200930 4.50E+08
6 200930 4.50E+08
7 203180 4.50E+08
8 202910 4.37E+08
9 202910 4.37E+08

10 176100 4.37E+08
11 66230 3.12E+08
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The peak displacements of the building storiescarepared in different cases includii
uncontrolled, controlled with TMD and controllewith ATMD through typ-1 FLC and
IT2FLC in Figure 7. These results along with peagponse reductio are also presented
Table § for different control systems d different earthquake records.
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Figure 7.Controlled and uncontrolled peak displacement nesg® of floor

Table 8:Peak response and peak response redi using different control systei

Floor Peak response of displacen Response reduction percentage
Uncontrolled | TMD | Type-1FLC| IT2FLC | TMD | Typet FLC | IT2FLC
Hachinohe
1 0.015 0.01: 0.009 0.008 13.3 40.C 50.0
2 0.029 0.02¢ 0.017 0.014 13.8 40.C 51.0
3 0.043 0.03¢ 0.025 0.020 16.3 42.] 54.0
4 0.056 0.04¢ 0.032 0.025 17.9 43.€ 56.3
5 0.067 0.05¢ 0.037 0.028 16.4 442 58.5
6 0.078 0.06¢ 0.044 0.031 16.7 44.] 60.0
7 0.088 0.07: 0.050 0.035 17.0 43.¢ 60.8
8 0.096 0.081 0.055 0.037 15.6 42.¢ 61.1
9 0.103 0.081 0.059 0.039 15.5 42.2 61.7
10 0.107 0.091 0.063 0.041 15.0 41.2 61.8
11 0.108 0.09: 0.067 0.042 13.9 38.1 60.9
Kobe
1 0.025 0.021 0.014 0.014 16.0 44 .C 44.0
2 0.050 0.04: 0.028 0.027 16.0 44 ( 46.0
3 0.075 0.06: 0.042 0.040 17.3 44 .C 46.7
4 0.099 0.08: 0.055 0.052 17.2 44 ¢ 47.5
5 0.121 0.101 0.068 0.063 16.5 43.¢ 47.9
6 0.141 0.11¢ 0.080 0.073 16.3 43.< 48.2
7 0.158 0.13: 0.090 0.082 16.5 43.C 48.1
8 0.172 0.14¢ 0.099 0.089 15.7 42 .. 48.3
9 0.183 0.15¢ 0.106 0.094 15.8 42.1 48.6
10 0.188 0.15¢ 0.110 0.097 15.4 41t 47.9
11 0.191 0.16: 0.114 0.100 15.2 40.2 47.6
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It is seen from the Tak 8 that IT2FLCreduces the uncontrolled peak displacen
response of the top floor about 23% (for the Hachéenearthquake) and 8% (for the K¢
earthquake) more than that of the responses obthyéype-1 FLC. This feature olT2FLC
is revealed in the time historesponses. Comparison of displacement time hisesyanse
of the top floor for different control systems ccemgd to uncontrolled response wi
subjected to Hachinohe (as-field) and Kobe (as nedield) earthquakes are presentec
Figure 8. As can & seen from the Figure 8, although TMD, ATMD witfpé-1 FLC and
ATMD with IT2FLC, decrease the time responses, ATMD VIT2FLC shows its priority
over TMD and ATMD with typ-1 FLC in reducing the structural response. As shaw
Figure 8, the controlledime response of displacement can be significadigreas:
compared to the history responses obtained by-1 FLC.
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Another criterion for comparison of ty-1 FLC and IT2FLCis RMS displacement ¢
stories. This parametes obtained for the realistic building in case sing typ«-1 FLC and
IT2FLC under Hachinohe and Kobe ground accelerations asvrshin Figure 9. A:
expected, IT2FLC decreased the RMS displacemepbnsgs of floors more than that
obtained by typd- FLC and it can be understood that a superior ongment in terms ¢
RMS redudbns observed when usilT2FLC in an ATMD.
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Figure 9.Comparison of RMS displacement of stories in cdsesimg typ-1 FLC andT2FLC

From Figures 8 and 9 it can be understood thaptbposed control method decrease
structural responses (Peak displacement responfeoco$, Time history response of t
floor and RMS displacement of floors) for both r-field and farfield earthquakes
However, the response reduction is more arfield ground acceleratior

The caresponding active control forces are shown in F&dL0. Figure 10 shows that t
peak value of active control forceIT2FLC is a little more than that of the ty-1 FLC. It is
notable that the differences in maximum controtéoneeded for ty|-1 FLCand IT2FLC is
insignificant. The maximum control force requirea teduce the structural response
IT2FLC is about 10% more than that of t-1 FLC. Although relatively large control for:
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needs additional expenses, the structural memizet seduces msiderably and caus
economical advantages by decreasing the peplacement response of floc
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Figure 10. Comparison between the active contrake®needed in ty-1 FLC ancIT2FLC for
the Hachinohe and Kobe earthquakes

The Stability of the FLC system can be checkedudinathe ability of controller to retui
the structure to the rest position from initial dgions. The stability test is perform:
considering the structural sym with extreme initial conditions and checking #iglity of
FLC to reach to rest conditiol18]. Figure 11 demonstrates the stability of IT2FLC in
terms of control force. The results show thatIT2FLC is stable and drive the structure
the equilibrium position.

50C

30C A

10C
-10C A

-30C A

Force (kN)

-50C

0 1 2 3 4
Time (Sec)

Figure 11. Fuzzy control stability test in termscohtrol force

4. CONCLUSION

This is the first study on the application of iM&rtype-2 fuzzy logic systems for evaluati
the active control force in an ATMD controller based on mettthe maximum respon:
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reduction of the building top floor. In design afterval type-2 fuzzy logic controller
(IT2FLC), displacement and velocity of a SDOF sgstare considered as the controller
feedback gains. To investigate the efficiency @pmsed control method, the designed IT2F
LC for the SDOF system is used as the ATMD corgrotif the 11-storey realistic shear
building. Numerical results revealed that:

1. IT2FLC is quite effective in reducing the struclumsponses compared with that of
obtained with type-1 FLC.

2. IT2FLC reduces the peak displacement response=dbih floor about 23% and 8%
more than that of the displacement responses @utany type-1 FLC, for the
Hachinohe and Kobe earthquakes, respectively.

3. Comparison between RMS displacement response éstn case of using type-1
FLC and IT2FLC, show that IT2FLC reduces the RMSpomses of floors, more
than that of the type-1 FLC. Thus, IT2FLC decredkestime history responses of
floors more than those obtained by type-1 FLC.

4. The designed IT2FLC for a SDOF system with the ime@de characteristics of the
11-storey building can be effectively estimategogse of the realistic building.

5. The maximum active control force in the IT2FLC gystfor reducing the structural
response is a little more than that of the typd-C Bnd is about 10%.
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