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In this study, a multi-objective optimal fuzzy control system for the response reduction of a wind-excited
tall building has been proposed. A semi-active tuned mass damper (STMD) is used for vibration control of a
76-story benchmark building subjected to wind load. An STMD consists of a 100 kN magnetorheological
(MR) damper and its natural period is tuned to the first-mode natural period of vibration of the example
building structure. The damping force of the MR damper is controlled by a fuzzy logic controller. A multi-
objective genetic algorithm is used for optimization of the fuzzy logic controller. Both the 75th floor accel-
eration response of the structure and the stroke of the STMD have been used as the objective functions for
this multi-objective optimization problem. Because a multi-objective optimization approach provides a
set of Pareto-optimal solutions, an engineer is able to select an appropriate design for the specific perfor-
mance requirement. For a comparative study, a sky–ground hook control algorithm is employed for con-
trol of the STMD. Based on numerical results, it has been shown that the proposed control system can
effectively reduce the STMD motion as well as building responses compared to the comparative sky–
ground hook control algorithm. In addition, the control performance of the STMD controlled by the opti-
mal fuzzy controller is superior to that of the passive TMD and is comparable to an active TMD, but with a
significant reduction in power consumption.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

One of the challenging tasks for structural engineers is to miti-
gate the dynamic responses of a tall building structure subjected to
wind loads in order to prevent human discomfort and motion
sickness, and sometimes to enhance structural safety and integrity.
Over the past decades, structural control methods have shown
great potential to reduce the wind-excited vibration of tall building
structures. The tuned mass damper (TMD) is one of the most
widely used and accepted wind response control systems for tall
buildings. Conventional passive TMD, which requires no external
power, is reliable and does not destabilize the structure. However,
the very narrow band of suppression frequency, the ineffective
reduction of non-stationary vibrations, and the sensitivity prob-
lems due to mistuning are the inherent limitations of a conven-
tional TMD [1,2]. In order to enhance the control performance of
a TMD, an active force used to act between the structure and the
TMD is introduced, that is an active TMD (ATMD) [3,4]. However,
ll rights reserved.
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its stability problems, reliability and large power consumption
are still major concerns to engineers. As a response to this,
semi-active control devices are presented, which utilize the perfor-
mance benefits while seeking to remedy the lack of stability of ac-
tive systems. These devices only absorb or store the vibratory
energy and they do not input the energy to the system. Therefore,
they do not induce adverse effects on the stability of the system.
Semi-active control systems, which can vary the stiffness and
damping in real time, demonstrate better control effects than pas-
sive systems and consume less power than the active systems.
Additionally, semi-active control devices can behave as passive
devices in the event of a power loss, and are therefore more reli-
able [5–7]. Utilizing the performance benefits of semi-active con-
trol devices, the concept of a semi-active tuned mass damper
(STMD) has been introduced in recent years. Hidaka et al. [8] con-
ducted an experimental study of an STMD system coupled with a
three-story building model under support ground motion. Pinkaew
and Fujino [9] studied the control effectiveness of an STMD with
variable damping under harmonic excitation. Varadarajan and
Nagarajaiah [10] developed an STMD using a variable stiffness de-
vice and they have shown its effectiveness analytically and exper-
imentally by using a small-scale three story structural model. Koo
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Fig. 1. 76-Story benchmark building model.
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et al. [11] presented an experimental robustness analysis of a semi-
active tuned vibration absorber (TVA) subject to structural mass
off-tuning using a magnetorheological (MR) damper.

One of the most promising semi-active devices is the MR
damper. MR dampers are controllable fluid devices that employ
MR fluids of which the rheological properties may be rapidly varied
by an applied magnetic field. They can provide large force capacity,
high stability, robustness and reliability. Furthermore, they are
relatively inexpensive to manufacture and maintain and are insen-
sitive to temperature so that they may be used for indoor and out-
door applications. Because of their mechanical simplicity, high
dynamic range and low power requirements, they are considered
to be good candidates for reducing structural vibrations and they
have been studied by a number of researchers for seismic protec-
tion of civil structures [12–17].

Based on these background studies, a semi-active MR TMD (MR-
STMD) is expected to be a promising control device for mitigating
the wind-induced responses of a tall building structure. One of the
challenges in the application of the MR-STMD is developing an
appropriate control algorithm to determine the command voltage
of the MR damper. Many control algorithms have been proposed
to control the behavior of MR dampers or other semi-active
devices. Skyhook and groundhook control policies [18,19], decen-
tralized bang-bang control [20], the methods based on the Lyapu-
nov theory [21], clipped-optimal control [22] and modulated
homogeneous friction control [23] are some of the control algo-
rithms used for semi-active control devices. Each of these control
strategies has its own merits and limitations depending on the
application and desired response. Also, note that the above-men-
tioned studies mainly focus on enhancement of the control perfor-
mance of the semi-active control devices. However, in addition to
the control performance, a constraint on the maximum allowable
stroke of the MR-STMD is important for practical application and
it must be considered in the design of the MR-STMD. To limit the
stroke of the MR-STMD, overdamping or an additional damper
may therefore be necessary, which results in a lower control effi-
ciency of the MR-STMD, and thus in a larger response of the build-
ing structure. Since reduction of dynamic responses of the building
structure is in conflict with reduction of the control device stroke, a
multi-objective optimization approach is required in the design of
semi-active control algorithms for the MR-STMD.

In this study, a multi-objective optimal semi-active control
strategy for the response reduction of wind-excited tall buildings
has been proposed. Because of the inherent robustness and ability
to handle nonlinear systems and uncertainties, a fuzzy logic con-
troller (FLC) is used in this study to operate an MR damper which
is a key component of the MR-STMD. Although FLC has been used
to control a number of structural systems, the selection of accept-
able fuzzy membership functions has been subjective and time-
consuming. To overcome this difficulty, a genetic algorithm (GA)
is applied to the optimal design of FLC in this study. As mentioned
above, because FLC should appropriately reduce both building
structure and MR-STMD responses that are in conflict, a multi-
objective optimization approach is introduced to the design of
FLC. A multi-objective genetic algorithm is used to tune the mem-
bership functions and generate the rule base of a Mamdani type
fuzzy controller [24].

In order to evaluate the performance of the proposed control
method, a 76-story benchmark building subjected to wind excita-
tion [25] is used as a numerical example structure. This benchmark
building model is widely used by many researchers to verify con-
trol performance of control algorithms and devices [26,27]. The
MR-STMD is installed on the top floor of the example building such
as the passive TMD and ATMD presented in the benchmark prob-
lem. The benchmark problem specification [25] requires that the
participants achieve the target control performance and to satisfy
the control device capacity constraints simultaneously. To meet
this requirement, a multi-objective optimization scheme that uses
the Non-dominated Sorting Genetic Algorithm version II (NSGA-II)
[28] is used in this study to determine the rule set of the FLC.
NSGA-II has been demonstrated to be one of the most efficient
algorithms for multi-objective optimization problems on a number
of benchmarks. For comparative purposes, a sky–ground hook con-
trol algorithm is employed in numerical simulation for control of
the MR-STMD. The effectiveness of the MR-STMD controlled by
the control algorithm developed in this study is compared with
that of the passive TMD and ATMD proposed in the benchmark
problem [25]. Also, an investigation is carried out to determine
whether the proposed control system can satisfy the design
requirements and constraints provided in the benchmark problem.
2. Example building structure and performance evaluation
criteria

2.1. 76-Story benchmark building model

The structural model used in this study is the benchmark build-
ing of a 76-story, 306-m tall concrete office tower proposed for the
city of Melbourne, Australia [25]. The building has a square cross
section with chamfers at two corners as shown in Fig. 1. This is a
reinforced concrete building consisting of a concrete core and con-
crete frame. The core was designed to resist the majority of wind
loads whereas the frame was designed to primarily carry the grav-
itational loads and part of the wind loads. The building is slender
with a height to width ratio of 7.3. Therefore, it is wind sensitive.
The total mass of the building, including the heavy machinery in
the plant rooms, is 153,000 tons.

The 76-story tall building is modeled as a vertical cantilever
beam (Bernoulli–Euler beam). A finite element model is con-
structed by considering the portion of the building between two
adjacent floors as a classical beam element of uniform thickness,
leading to 76 translational and 76 rotational degrees of freedom.
Then, all the 76 rotational degrees of freedom have been removed
by the static condensation. This results in a 76 degrees of freedom
(DOF), representing the displacement of each floor in the lateral
direction. This model, having (76 � 76) mass, damping, and stiff-
ness matrices, is referred to as the ‘‘76 DOF model’’. The building
with an ATMD is referred to as the ‘‘77 DOF model’’. The numerical
computation of the controlled response quantities, including peak
response, RMS response, etc., may be time consuming and compu-
tationally expensive for the 76 DOF and 77 DOF models. Hence the
so-called state order reduction method has been used to derive
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lower order models for the building with and without ATMD [25].
In this method, eigenvalues and eigenvectors of the selected modes
of the full-order system are preserved in the reduced-order system.
Based on this approach, the 77 DOF model (with ATMD) is reduced
to a 24 DOF system such that the first 48 complex modes (eigen-
values and eigenvectors) of the 77 DOF system are retained. Simi-
larly, the 76 DOF model (building without ATMD) is reduced to a
23 DOF system by retaining the first 46 complex modes of the
original system. A more detailed explanation of the building model
and numerical analysis method is provided in the benchmark prob-
lem [25].

Since the coupled lateral–torsional motion is neglected in the
benchmark problem and across-wind and along-wind loads are
uncorrelated, building response quantities due to across-winds
and along-winds can be computed independently. Based on wind
tunnel data, building response quantities due to across-wind loads
are much higher than those due to along-wind loads. Conse-
quently, only the design of a controller using across-wind loading
is considered in the benchmark problem. Therefore, a two-dimen-
sional analytical model is used and the rotations of the floors about
the vertical axis are not considered in the numerical simulation.
The resulting system of equations involving mass, stiffness, and
damping matrices of the structure is solved by the Newmark-Beta
integration scheme using a linear acceleration method [29]. The
first five natural frequencies of the structure are 0.16, 0.765,
1.992, 3.790 and 6.395 Hz, respectively. Damping ratios for the first
five modes are assumed to be 1% of the critical for the proportional
damping matrix. The benchmark building is a long period structure
having the first natural period of 6.25 s. Since the motion of a long
period structure is generally governed by the first modal response,
the frequencies of the TMD, ATMD and MR-STMD have been tuned
to the first modal frequency of the structure. The sample ATMD
proposed in the benchmark problem has the same mass and loca-
tion as the TMD. A control algorithm for the sample ATMD was de-
signed based on the linear quadratic Gaussian (LQG) theory. Wind
forces acting on the benchmark building were obtained by wind
tunnel tests. A rigid model of the 76-story benchmark building
was constructed and tested in the boundary layer wind tunnel
facility at the Department of Civil Engineering at the University
of Sydney, Australia [30]. For the performance evaluation of control
systems, only the first 15 min of across-wind data are used. Based
on the design code for office buildings in Australia, the maximum
allowable floor acceleration is 15 cm/s2, with an RMS acceleration
of 5 cm/s2 [31]. This is a serviceability requirement. The design
constraints specified for the benchmark problem are the RMS con-
trol force ru 6 100 kN, the RMS actuator stroke rxm 6 30 cm, the
maximum control force max juðtÞj 6 300 kN and the maximum
stroke max jxmðtÞj 6 95 cm. More detailed information on the
evaluation criteria and benchmark problem can be found in the
benchmark definition paper by Yang et al. [25].

2.2. Performance evaluation criteria for MR-STMD

To evaluate the control system performance the following
twelve indices introduced in the benchmark problem must be con-
sidered [25]. From the response time histories, the peak response
quantities can be obtained and the temporal RMS values can be
computed. The main objective of installing control systems on
the tall building is to reduce the absolute acceleration to alleviate
the occupant’s discomfort; however, no consideration is given to
the frequency dependence of human perception to acceleration.
The first evaluation criterion for the controllers is their ability to
reduce the maximum floor RMS acceleration. A non-dimensional
version of this performance criterion is given by

J1 ¼maxðr€x1;r€x30;r€x50;r€x55;r€x60;r€x65;r€x70;r€x75Þ=r€x75o ð1Þ
where r€xi ¼ RMS acceleration of the ith floor and r€x75o ¼ 9:142
cm=s2 ¼ RMS acceleration of the 75th floor without control. In the
performance criterion J1, accelerations only up to the 75th floor
are considered because the 76th floor is the top of the building
and it is not used by the occupants.

The second criterion is the average performance of acceleration
for selected floors above the 49th floor, i.e.

J2 ¼
1
6
P

i
ðr€xi=r€xioÞ; for i ¼ 50;55;60;65;70 and 75 ð2Þ

in which r€xio ¼ RMS acceleration of the ith floor without control.
The third and fourth evaluation criteria are the ability of the con-
troller to reduce the top floor displacements. The normalized ver-
sions are given as follows:

J3 ¼ rx76=rx76o ð3Þ

J4 ¼
1
7
P

i
ðrxi=rxioÞ; for i ¼ 50;55;60;65;70;75 and 76 ð4Þ

where rxi and rxio = RMS displacements of the ith floor with and
without control, respectively, and rx76o = 10.137 cm is the RMS
displacement of the 76th floor of the uncontrolled building. In addi-
tion to the constraints of a proposed control design, its control effort
requirements should be evaluated in terms of the following non-
dimensionalized actuator stroke and average power:

J5 ¼ rxm=rx76o ð5Þ

J6 ¼ rp ¼
1
T

Z T

0
½ _xmðtÞuðtÞ�2dt

� �1=2

ð6Þ

in which rxm = RMS actuator stroke, _xmðtÞ = actuator velocity, T = to-
tal time of integration, and rp denotes RMS control power.

In addition to the RMS performance, the performance in terms
of the peak response quantities is also important. This set of non-
dimensional performance criteria is given in the following:

J7 ¼maxð€xp1; €xp30; €xp50; €xp55; €xp60; €xp65; €xp70; €xp75Þ=€xp75o ð7Þ

J8 ¼
1
6
P

i
ð€xpi=€xpioÞ; for i ¼ 50;55;60;65;70 and 75 ð8Þ

J9 ¼ xp76=xp76o ð9Þ

J10 ¼
1
7
P

i
ðxpi=xpioÞ; for i ¼ 50;55;60;65;70;75 and 76 ð10Þ

where xpi and xpio = peak displacements of the ith floor with and
without control, respectively, and €xpi and €xpio = peak accelerations
of the ith floor with and without control, respectively, for instance,
xp76o = 32.30 cm and €xp75o ¼ 30:33 cm=s2. In addition, the proposed
control designs should be evaluated for the following control capac-
ity criteria:

J11 ¼ xpm=xp76o ð11Þ

J12 ¼ Pmax ¼max
t
j _xmðtÞuðtÞj ð12Þ

where xpm = peak stroke of actuator, u(t) = control force, and Pmax = -
peak control power. From the performance criteria defined above, it
is observed that as the performance of the controller improves, the
values of the performance indices decrease.

3. Dynamic model of MR-STMD

As described previously, an MR damper is employed to compose
a semi-active TMD system instead of a passive damping device as



Fig. 2. Configuration of semi-active tuned mass damper.
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shown in Fig. 2. In this study, the Bouc-Wen model [32] is used to
describe how the damping force is related to the velocity and
applied command voltage. The mechanical model for the MR dam-
per based on the Bouc-Wen hysteresis model is shown in Fig. 2.
The force f generated by the MR damper is calculated by

f ¼ c0 _xþ az ð13Þ

_z ¼ �cj _xjzjzjn�1 � b _xjzjn þ A _x ð14Þ

where _x and c0 are the velocity and viscous damping of the MR dam-
per, and z is the evolutionary variable. As shown in Eq. (14), the hys-
teretic behavior of the MR damper is expressed by a first-order
differential equation. The variables c, b, n, and A are adjustable
shape parameters of the hysteresis loops for the yielding element
in the MR damper [32]. These variables can control the linearity
in the unloading and the smoothness of the transition from the
pre-yield to the post-yield region. The model parameters of the
MR damper governing equation, a and c0 are functions of the ap-
plied voltage v as follows

a ¼ aa þ abu ð15Þ

c0 ¼ c0a þ c0bu ð16Þ

_u ¼ �gðu� vÞ ð17Þ

where u and v are the input and output voltages of the first-order
filter and g is the time constant of the first-order filter. The variables
aa, ab, c0a and c0b are parameters that account for the dependence of
the MR damper force on voltages applied to the current driver and
the resulting magnetic current [33]. Note that unlike the active
devices, semi-active devices can produce dissipative forces only in
the same direction as the velocity of the damper. In addition, there
is an upper and lower limit on the force produced by the MR dam-
per which depends on the damper velocity at any considered time.

The MR damper parameters used in this study are selected so
that the device has a capacity of approximately 100 kN, as follows;
aa = 21744 N/cm, ab = 99232 N/(cm V), c0a = 0.88 N s/cm, c0b = 8.8
N s/(cm V), n = 1, A = 1.2, c = 3 cm�1, b = 3 cm�1, and g = 50 s�1.
These parameters are based on an identified model of an MR dam-
per tested at Washington State University [34] and scaled down to
have a maximum generated force of about 100 kN depending on
the relative velocity across the MR damper with a saturation volt-
age of 5 V. Accordingly, the voltage applied to the MR damper is
within the range 0–5 V. The model of the MR damper presented
in Eqs. (13)–(17) was encoded in SIMULINK [35]. Typical force
velocity/displacement hysteresis loops for this device model are
generated using the coded model and are shown in Fig. 3. Accord-
ing to what said above, in the event of a power loss, MR-STMD will
act as a passive TMD.

For a comparative study, the inertial mass of the MR-STMD used
in this study is identical to that of the passive TMD and ATMD
presented in the benchmark problem, i.e. 500 tons. This is about
45% of the top floor mass, which is 0.327% of the total mass of
the building. The single MR-TMD is installed on the top floor of
the 76-story benchmark building. The undamped natural fre-
quency of the MR-STMD is 0.16 Hz, which is the first mode natural
frequency of the example building.
4. Control algorithms

To date, numerous control algorithms have been adopted for
semi-active control systems. These include skyhook damper con-
trol algorithm proposed for a vehicle suspension system [18]. This
was followed by a decentralized bang-bang controller [20], direct
Lyapunov based control algorithms [21], a modified homogeneous
friction algorithm [23] and widely used clipped optimal strategy
[22]. These algorithms provide either zero or the maximum voltage
value (without any intermediate levels of voltage supply) to the
MR damper based on feedback from the structure. Thus these
methods provide sub-optimal control force to the system. More-
over, swift changes in command voltage lead to a sudden rise in
the external control force which increases the structural responses
and may introduce local damages in the structure. Therefore, there
is a need for control algorithms that can change the command volt-
age sent to the MR damper gradually and smoothly. This gradual
change in MR damper supply voltage will enable a designer to cov-
er all voltage values between zero and the maximum voltage value.

This paper provides an optimal fuzzy logic controller to calcu-
late the command voltage. Some characteristics of FLC appealing
to control engineers are their effectiveness and ease in handling
structural nonlinearities, uncertainties and heuristic knowledge.
Added to the niceties present in a fuzzy system, a fuzzy control ap-
plied to structural system can handle the hysteretic behavior of the
structure under earthquake [36]. Moreover, it provides an added
robustness to the closed loop system when combined with MR
dampers. Another advantage of the FLC used in conjunction with
MR damper is that unlike in clipped optimal and Lyapunov control
techniques, the change in command voltage sent to the MR damper
is gradual and therefore it covers all voltage values in the range of
zero and maximum MR damper voltages. This particular advantage
not only permits the designer to use variable voltage value but also
provides an inherent stability to the closed loop system [36]. To
show this characteristics of FLC, the command voltage time history
generated by FLC is presented later in this paper.

The performance of FLC depends on various design parameters
related to selection of membership functions and definition of rule
base. It is especially important for FLC to have an effective and reli-
able rule base to perform at the desired level. Although FLC results
in the creation of simple control algorithms, the tuning of the fuzzy
controller is a more difficult and sophisticated procedure than that
employed in conventional control algorithms (e.g., clipped optimal
algorithm, Lyapunov methods, etc.). That is, the design of fuzzy
control rules to drive the MR damper voltage is challenging since
it requires a good understanding of the dynamic response of the
structure with the MR-STMD which has a highly nonlinear behav-
ior. To overcome this difficulty, a multi-objective genetic algorithm
(MOGA) is applied to the optimal design of FLC in this study. The
development process of the MOGA-optimized FLC will be de-
scribed in Section 5. The limitation to be considered in GA optimi-
zation is that it needs intensive computational efforts for objective
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function evaluations in comparison with conventional optimiza-
tion methods. This limitation is discussed in detail in Section 6.

4.1. Fuzzy logic control algorithm

As explained previously, an FLC is employed in this study to
operate an MR damper. An FLC maps an input space to an output
space and the primary mechanism for doing this is a list of if–then
statements called fuzzy rules. In this study, the MR-STMD stroke
and the 75th floor acceleration are selected for two input variables
of the FLC and the output variable is the command voltage sent to
the MR damper. The if-part of the rule is called the antecedent,
while the then-part of the rule is called the consequent. As
presented in Fig. 4, interpreting an if–then rule involves distinct
parts: first evaluating the antecedent (which involves fuzzifying
the input and applying any necessary fuzzy operators) and second
applying that result to the consequent (known as implication). All
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for the ‘and’ fuzzy operator. If the antecedent is assigned a value
less than 1, then the output fuzzy set is truncated according to
the implication method using the ‘minimum’ function as shown
in Fig. 4. This truncated fuzzy set will later be defuzzified, assigning
one value to the output command voltage. The concept of defuzz-
ification is described below.

In this study, 20 fuzzy rules are used for the fuzzy logic control
algorithm. Generally, an input may be involved in more than one
rule and this is a characteristics of fuzzy reasoning. In this case,
all if–then rules are evaluated in parallel, and the order of the rules
is unimportant. After all fuzzy rules are evaluated, the results of the
rules are combined and deffuzified to a single number output. In
order to explain this process more clearly, Fig. 5 is employed. It
shows the process of formulating the mapping from a given input
to an output using fuzzy logic including if–then rule interpretation
through five steps. Step 1: Fuzzy inputs. Step 2: Apply fuzzy oper-
ator. Step 3: Apply implication method. Step 4: Aggregate all out-
puts. Step 5: Defuzzify [37]. Based on Fig. 5, the value of input 1
(27 cm) is partially included in MF1_R1 and it is also included in
MF1_R2 in the rule 2. The 75th floor acceleration of 9.2 cm/s2 for
input 2 is included in both of MF2_R1 and MF2_R2. The rule 1
and rule 2 out of 20 fuzzy rules are involved in this example.
After interpreting two if–then fuzzy rules, two truncated output
fuzzy sets are obtained as shown in Fig. 5. The truncated
output fuzzy sets for each rule are then aggregated into a single
output fuzzy set by the ‘maximum’ function. Finally the resulting
set is defuzzified to a single number. For defuzzification, the cen-
troid calculation which is the most popular defuzzification method
is used in this study. Consequently, the output command voltage is
1.013 in this example. If input 1 is changed from 27 cm to 28 cm,
the output command voltage is promptly calculated by simple
computation. Through this process, an FLC allows fine resolution
in output command voltage.

4.2. Comparative control algorithm

In order to verify the control performance of the MOGA-opti-
mized FLC, a comparative control algorithm is introduced in this
study. A comparative control algorithm is developed by using
skyhook and groundhook control algorithms which are typical
semi-active control algorithms. For civil structure applications, a
skyhook controller can effectively reduce the vibration of the aux-
iliary mass, i.e. the MR-STMD. On the other hand, a groundhook
controller shows good control performance for the reduction of
structure responses [38]. The idealized configurations of both the
skyhook and groundhook controllers are shown in Fig. 6. These
ideal skyhook and groundhook configurations cannot be realized
in practice because the damper cannot be fixed to the sky or a
non-moving inertia frame. Therefore, the goal of skyhook or
groundhook semi-active control policies is to emulate the ideal
structural configuration of a passive damper ‘‘hooked’’ between
the structure and the ‘‘sky’’ or the ‘‘ground’’, respectively, by using
the real configuration of the MR-STMD as shown in Fig. 2. Among
various versions of groundhook control algorithms, the displace-
ment-based on–off groundhook controller is employed in this
study because it shows the best performance for the benchmark
problem among the four control policies investigated by Koo
et al. [19].

Referring to Fig. 6, the relative velocity is defined by subtracting
the velocity of the MR-STMD from that of the structure, i.e. v1 � v2.
The displacement-based skyhook control policy is defined by using
the relative velocity and the displacement of the MR-STMD (x2). In
the case of the on–off skyhook control algorithm, the command
voltage is switched between a minimum and a maximum level.
The switching is performed based on the following conditions:

V ¼
Vmax if x2ðv1 � v2Þ 6 0
Vmin if x2ðv1 � v2Þ > 0

�
ð18Þ

where V is the command voltage, Vmax is the maximum voltage,
namely 5 V, and Vmin is the minimum voltage, 0 V.

The displacement-based on–off skyhook control policy can be
evolved to the groundhook control policy by changing x2 to x1.
The groundhook control algorithm used in this study is given by:

V ¼
Vmax if x1ðv1 � v2ÞP 0
Vmin if x1ðv1 � v2Þ < 0

�
ð19Þ

As observed in Eqs. (18) and (19), the command voltage based
on skyhook or groundhook control is determined by a very simple
computation. Because of this simplicity, they have been favorably
used for real-time control and successfully applied to civil struc-
ture control with good performance.

To combine two control commands provided by groundhook
and skyhook controllers, an appropriate combination method is re-
quired. There are several methods that can be used to combine
multiple control signals to make a single control command. One



Fig. 6. Idealized semi-active control configurations (for comparative control strategies).

Fig. 7. Trade-off between MR-STMD movement and structure responses.
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of these methods, a weighted sum approach, is widely used be-
cause of its simplicity and intuitive understanding. Using the con-
ventional weighted sum approach, two control commands from
groundhook and skyhook controllers can be easily combined as
follows:

V ¼ wVsky þ ð1�wÞVground ð20Þ

where V is the combined command voltage, Vsky is the command
voltage generated by the skyhook controller, Vground is the command
voltage provided by the groundhook controller, and w is a weight-
ing factor. In this combination method, the participation of each
controller can be conveniently adjusted by changing the weighting
factor. Eleven numerical simulation runs, where w varied from 0 to
1 in steps of 0.1, have been conducted to determine an appropriate
weighting factor that can satisfy the design requirement of the
benchmark problem. As observed in Eq. (20), if w is smaller than
0.5, the participation of the skyhook controller decreases in compar-
ison with the groundhook controller. In this case, the structure
displacement decreases and the MR-STMD displacement increases.
On the other hand, as the weighting factor (w) increases, the partic-
ipation of the skyhook controller increases, but the effect of the
groundhook controller is reduced. Therefore, the combined control
command in this case shows good control performance for the
reduction of MR-STMD movement rather than for structure
responses. In this study, the value of 0.5 is selected for the weight-
ing factor to make a sky–ground hook control algorithm that can
appropriately reduce both building structure and MR-STMD re-
sponses that are in conflict.
5. Development of multi-objective optimal fuzzy control
algorithms

5.1. Optimization with multi-objective genetic algorithm

As described previously, the design purposes of FLC for the MR-
STMD applied to the 76-story benchmark building can be separated
into two aspects; that is, one is the reduction of the dynamic re-
sponses of the building structure and the other is the reduction of
the MR-STMD movement. Thus, the design procedure of the FLC
can be thought of as a multi-objective process that finds optimal
solutions that show superior control with respect to several perfor-
mance indices. Multi-objective optimization is the search for accept-
able solutions to problems that incorporate multiple performance
criteria. It should be noted that a common difficulty with multi-
objective optimization is the conflict of objectives; that is, none of
the feasible solutions allow simultaneous optimal solutions for all
objectives. When a trade-off exists between the objectives, an
improvement in one objective cannot be achieved without detri-
ment to another. It is very rare for a multi-objective optimization
problem to admit a single optimal solution; rather, a family of
equally valid solutions (Pareto optimal solutions) exists.

In the case of structural control of a tall building with an MR-
STMD subjected to wind excitation, a trade-off exists between
the MR-STMD movement and the dynamic responses of the build-
ing structure (i.e., a reduction of the building structure responses
cannot be achieved without an increment of the MR-STMD move-
ment, whereas the MR-STMD movement can be reduced with an
increment of the building structure responses) as shown in Fig. 7.
For example, if the damping force of an MR damper is increased
in order to reduce MR-STMD movement, the dynamic responses



Fig. 8. Non-dominated sorting concept.
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of the building structure manifest a concomitant increase.
Conversely, structure responses can be reduced by decreasing the
MR damper force, but can lead to increased MR-STMD movement.
Therefore, it is impossible for minimum displacement of the MR-
STMD and minimum acceleration of the building structure to occur
simultaneously. In this study, the reduction of peak and RMS
responses of the MR-STMD movement and the 75th floor acceler-
ation are selected as four objectives in a multi-objective optimiza-
tion process because the top of the building (76th floor) is not used
by the occupants.

In solving multi-objective structural engineering problems,
engineers may be interested in a set of Pareto optimal solutions
that provide alternative structural designs for a controller, instead
of a single solution. Since a genetic algorithm (GA) works with a
population of solutions, it seems natural to use a GA in multi-
objective optimization problems in order to capture a number of
optimal solutions simultaneously. Since Schaffer [39] first applied
a GA to multi-objective optimization problems, a number of
multi-objective evolutionary algorithms have been suggested
[26,39–41]. Among many available GA-based multi-objective opti-
mization strategies, the fast elitist Non-dominated Sorting Genetic
Algorithm version II (NSGA-II) is employed in this study [28]. The
Fig. 9. Flow of optimization of fuzzy
computational time in NSGA-II is significantly reduced in compar-
ison with existing multi-objective GAs and the crowding operator
is introduced to maintain diversity without specifying any addi-
tional parameters.
5.2. Optimization of FLC using NSGA-II

Deb et al. have proposed an elitist, fast, and parameter-free
multi-objective GA denoted as NSGA-II. Essentially, NSGA-II has a
unique characteristic compared to conventional multi-objective
GAs in a number of ways. Firstly, NSGA-II uses an elite preserving
mechanism, thereby assuring preservation of previously found
good solutions. Secondly, NSGA-II uses a fast non-dominated sort-
ing procedure. Thirdly, NSGA-II does not require a tunable param-
eter, thereby making the algorithm independent of the user. The
essential difference between a multi-objective GA and a single
objective GA is the method by which fitness is assigned to potential
solutions. Each solution has a vector describing its performance
across the set of multiple criteria. This vector must be transformed
into a single scalar fitness value for the purpose of the GA selection
mechanism. The transformation is achieved by ranking the popula-
tion of solutions relative to each other, and then assigning a fitness
value that is based on rank. Individual solutions are compared in
terms of Pareto dominance. In this procedure, the population of
each generation is searched for non-dominated solutions. If solu-
tion ‘s1’ is better than solution ‘s2’ for both objectives then solution
‘s1’ is said to dominate over solution ‘s2’ or in other words one can
say that solution ‘s2’ is dominated by solution ‘s1.’ If a solution is
dominated by one or more other solutions, the solution can be
discarded, or else it can be retained in the population. After a com-
parison of all the solutions in this way, all of the retained solutions
are non-dominated solutions and form a set of Pareto-optimal
solutions. This set of solutions is assigned a rank of 1 and they
are then temporarily removed from the original population. Simi-
larly, non-dominated solutions are then identified in the remaining
population, and these solutions are assigned a rank of 2 and are re-
moved from contention. The process continues until all individuals
have been ranked as shown in Fig. 8. In effect, this process creates a
series of non-dominated fronts. Deb et al. adopted this approach
for NSGA-II. Multi-objective ranking, which impacts primarily on
fitness assignment, is the key difference between a multi-objective
GA (MOGA) and a standard GA. To get an estimate of the density of
solutions surrounding a particular solution in the population, the
average distance of the two solutions on either side of the selected
logic controller using NSGA-II.



Fig. 10. Encoding structure of a chromosome in NSGA-II.
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solution along each of the objectives is computed. This quantity
serves as an estimate of the size of the largest cuboid enclosing
the solution without including any other solution in the popula-
tion. Deb et al. term this metric the ‘crowding distance.’ The
crowded comparison operator guides the selection process at var-
ious stages of the algorithm towards a uniformly spread out Pareto
optimal front. Every individual in the population has two attributes
introduced previously, that is, a non-domination rank and a local
crowding distance. In NSGA-II optimization, between two solutions
with different non-domination ranks the solution with the lower
rank is preferred. Otherwise, if both the solutions belong to the
same front then the solution is preferred which is located in a re-
gion with a lesser number of solutions. A solution point with a lar-
ger cuboid enclosing it is given priority. Note that diversity among
non-dominated solutions is introduced by using this crowding
comparison procedure which is used in the tournament selection
operator. Since solutions compete with their crowding distance,
no extra niching parameter is required.

The optimization procedure for an FLC using NSGA-II is pre-
sented in Fig. 9. After evaluating the control performance of an
FLC based on structural responses, NSGA-II optimizes the FLC
toward improvement of control performance. Encoding is the
genetic representation of an FLC solution. All of the information
represented by the FLC parameters is encoded in a structure called
Fig. 11. Flowchar
a chromosome or string. For purposes of control of the 76-story
benchmark building, two inputs, i.e. the MR-STMD displacement
and the 75th floor acceleration of the building structure, and one
output, the command voltage to the MR damper, are selected as
shown in Fig. 9. Gaussian membership functions are used for all
input and output variables of the FLC because they can approxi-
mate almost all other types of membership functions by changing
the parameters shown in Eq. (21).

l ¼ exp �ðx� bÞ2

2a2

 !
ð21Þ

The shape of a Gaussian membership function can be defined by
two parameters: b and a. Here, b is the central position, and a is
the width (standard deviation) as shown in Fig. 10. Using these
two parameters, various types of knowledge can be expressed.
These two parameters are encoded into the gene with a real-valued
representation. For each chromosome there are two inputs, x1 and
x2, and one output, x3, in each rule. A rule has the parameters of Eq.
(21), i.e. the central positions b1 and b2 and the width a1 and a2,
for inputs x1 and x2, respectively. For output x3, the central position
b3 and the width a3 are encoded. As shown in Fig. 10, 20 fuzzy rules
are used in this study. Fitness values for each objective (obj1, obj2,
obj3, obj4) are also encoded in the latter part of the chromosome
t of NSGA-II.
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and they are used to evaluate each chromosome by NSGA-II. After
evaluation, multi-objective ranking (rank) and crowding distance
(Dist.) are saved in the chromosome.

An optimization procedure through NSGA-II is shown in Fig. 11.
Initially, the population of size N is composed of completely ran-
domized values that reside within a user-defined range. After eval-
uating the control performance of all individuals in the population,
a non-domination rank and a local crowding distance of each indi-
vidual are calculated. After that, the fundamental GA operators
such as selection, crossover and mutation are used to create the
child population. Crossover occurs when parent chromosomes ex-
change equal amounts of information to produce a child. In this
study all individuals in the parent population are subjected to a
crossover to produce the child population. The crossover process
is a tournament style procedure where two randomly selected
chromosomes exchange a portion of their chromosomes in a single
point exchange. Occasionally data are changed at random during
the crossover to keep the generation cycle from becoming static;
this operation is termed a mutation. After the child population is
created and the control performances of each individual in the
child population are evaluated, the parent and child populations
are combined. This combined population is sorted according to
non-domination concept described previously. The new parent
population is formed by adding solutions to the next generation
starting from the first front until N individuals are found. This
process continues until stopping criteria is met.
6. Numerical studies

A numerical model of the 76-story benchmark building struc-
ture with the MR-STMD is implemented in SIMULINK. SIMULINK
is a graphical extension to MATLAB for modeling and simulation
of systems. It is integrated with MATLAB and data can be easily
transferred between the programs [35]. A SIMULINK model with
a control device is provided in the benchmark problem to easily
simulate the features and limitations of the structural control
problem and to compute both the RMS and peak response quanti-
ties as well as the performance indices. This SIMULINK model has
been modified in this study to include the MR-STMD and FLC as
Fig. 12. SIMULINK model of the buil
shown in Fig. 12. Using this numerical model, time history analyses
of 900 s with a time step of 0.001 s are performed in order to inves-
tigate the control performance of the MR-STMD controlled by the
NAGA-II optimized FLC. As described above, the NSGA-II based
optimization is performed with the population size of 100 individ-
uals. An upper limit on the number of generations is specified to be
1000. As the number of generations increases, the control perfor-
mance of the elite (i.e. non-dominated) individuals is improved.
Evolution processes of fitness values for peak and RMS responses
are presented in Figs. 13 and 14, respectively. Since evolution
process of single fitness value is meaningless in multi-objective
optimization problem, fitness values for MR-STMD displacement
and structure acceleration that are in conflict are presented to-
gether. As can be seen in figures, the Pareto optimal fronts improve
rapidly in the early generations, when the individuals are farther
from the optimum. The Pareto optimal fronts improve more slowly
in later generations, whose populations are closer to the optimal
front.

After the multi-objective optimization process for FLC using
NSGA-II, the obtained Pareto optimal fronts (a set of Pareto optimal
solutions) are presented with the comparative control algorithm in
Figs. 15 and 16. In these figures, the NSGA-II optimized FLCs are
presented in ‘‘NSGA-II’’ and the comparative control algorithm
introduced in Section 4.2 is presented in ‘‘Sky–Ground Hook’’. As
can be seen in Figs. 15 and 16, the NSGA-II optimized FLCs can pro-
vide better control performance than the comparative sky–ground
hook control algorithm in both peak and RMS responses. Especially
in peak response control, the NSGA-II optimized FLCs can signifi-
cantly reduce the MR-STMD displacement while providing
improved performance in reducing structure acceleration com-
pared to the comparative sky–ground hook control algorithm.

In general, the MR-STMD displacement responses are in compe-
tition with the structure acceleration responses. Therefore, the
objectives for reduction of peak and RMS 75th floor accelerations
of the benchmark building can be improved at the cost of the de-
graded objectives for the reduction of peak and RMS strokes of
the MR-STMD. Therefore, the engineer needs to choose a proper
FLC that can satisfy the desired performance requirements and
constraints on the control device. Consequently, one controller
has been selected among the Pareto optimal FLCs and it is
ding with fuzzy logic controller.
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Fig. 13. Evolution process of the fitness for two objectives of peak responses.
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presented as a solid circle in Figs. 15 and 16. The parameter values
of the selected FLC are provided in Table 1. Twenty fuzzy rules can
be directly generated by means of ‘if–then’ statement shown in
Fig. 10. If only peak responses are considered in selecting an appro-
priate FLC, there are many FLCs which provide better control per-
formance than the selected FLC as shown in Fig. 15. However,
because the reduction of RMS responses of the structure, as well
as peak responses, is important for occupants’ comport, an FLC
presented as a solid circle is selected in this study. In other words,
the FLCs with lower acceleration values and similar peak STMD
displacement compared to the selected FLC in Fig. 15 provide
worse control performance in RMS response reduction compared
to the selected FLC in Fig. 16.

When the MR-STMD displacement and the 75th floor accelera-
tion of the building subjected to wind excitation are sent to the
selected FLC, the command voltage to control the MR damper is
determined promptly. The time history of the command voltage
provided by the selected FLC is presented in Fig. 17. It can be seen
that the command voltage varies between ‘0 V’ and ‘5 V’ during
real-time control. In general, the FLC provides high voltage for
the MR damper in order to reduce the MR-STMD movement if
the dynamic response of the MR-STMD is considerable. On the
other hand, when the 75th floor acceleration is significant, the
command voltage sent to the MR damper is decreased to increase
the MR-STMD movement resulting in the effective control of the
dynamic responses of the structure. The mean value of the com-
mand voltage time history generated by the FLC is 1.61 V, which
is significantly less than the maximum voltage of 5 V. This means
that the selected FLC emphasizes the reduction of the structure
response rather than the MR-STMD movement. This is because
the FLC that can effectively reduce the 75th floor acceleration
rather than the MR-STMD displacement is selected among the Par-
eto optimal FLCs as shown in Figs. 15 and 16. If the engineer wants
an FLC that can effectively reduce the MR-STMD displacement, a
different FLC having the desired characteristics can be simply
selected from the Pareto optimal FLCs.

The control performance of the groundhook, skyhook, sky–
ground hook (w = 0.5) and NSGA-II optimized FLC for the wind-ex-
cited benchmark building with the MR-STMD are compared to
those of the passive TMD and ATMD presented in the benchmark
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Fig. 14. Evolution process of the fitness for two objectives of RMS responses.
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problem [25]. To this end, the peak and RMS response quantities
for the selected floors (levels 1, 30, 50, 55, 60, 65, 70, 75, and 76)
are summarized in Tables 2 and 3. For the passive TMD, the peak
and RMS acceleration response quantities on the 75th floor
(19.79 cm/s2 and 5.38 cm/s2) are larger than the allowable peak
and RMS floor acceleration, i.e. 15 cm/s2 and 5 cm/s2. Thus, the pas-
sive TMD does not satisfy the design requirement of the bench-
mark building. When the ATMD is used, the response of the mass
damper increases compared to the TMD. However, it satisfies the
design requirement when excluding the 76th floor, which has no
occupants. In the case of the MR-STMD, groundhook, skyhook,
sky–ground hook (w = 0.5) and NSGA-II optimized FLC are em-
ployed as stated above. When a groundhook controller is used,
the peak and RMS accelerations of the 75th floor are 13.36 cm/s2

and 3.91 cm/s2, respectively, and they are less than the maximum
allowable floor acceleration of 15 cm/s2 and the RMS value of 5
cm/s2, respectively. However, the peak and RMS displacements of
the MR-STMD are 106.32 cm and 30.74 cm, respectively, as shown
in Tables 2 and 3. They exceed the control constraints given by
95 cm and 30 cm, respectively. On the other hand, a skyhook
controller can easily satisfy the control constraints of the MR-
STMD displacement by providing the peak value of 66.89 cm and
the RMS value of 16.99 cm. However, the peak acceleration of the
75th floor is 16.60 cm/s2, which is greater than the maximum
allowable floor acceleration. Based on numerical simulation, it is
found that neither of the two controllers can satisfy the design
requirement of the benchmark building on their own. When the
sky–ground hook controller with the weighting factor of 0.5 is
employed, both the MR-STMD movement and the 75th floor accel-
eration are appropriately controlled. That is, the sky–ground hook
controller reduces structural responses better than the skyhook
controller but the MR-STMD movement is increased compared to
the skyhook controller. On the other hand, the sky–ground hook
controller can control the MR-STMD movement better than the
groundhook controller though structural responses of the sky–
ground hook controller are bigger than those of the groundhook
controller. Consequently, the sky–ground hook controller can sat-
isfy the design requirement when excluding the 76th floor. When
the NSGA-II optimized FLC is used for control of the MR-STMD,
the peak and RMS responses of the structure are similar to those
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Table 1
Parameter values of optimized fuzzy logic controller.

a1 b1 a2 b2 a3 b3

Rule1 17.41 23.90 1.12 6.32 0.20 �0.02
Rule2 4.81 �53.67 2.27 �2.75 0.08 �0.92
Rule3 12.70 �74.89 0.45 �6.96 0.05 �0.74
Rule4 0.01 �87.26 1.17 2.50 0.11 �0.29
Rule5 11.84 �39.11 2.21 �7.55 0.06 �0.19
Rule6 19.22 �42.10 1.76 5.57 0.05 �0.58
Rule7 20.84 �59.57 0.77 6.73 0.01 0.85
Rule8 10.98 �99.52 2.04 2.32 0.02 �1.18
Rule9 5.41 66.26 0.68 �5.48 0.03 �1.18
Rule10 17.69 �39.56 1.90 6.76 0.01 �0.10
Rule11 11.30 69.92 2.07 0.11 0.10 �1.10
Rule12 22.37 9.23 0.14 �7.55 0.03 0.13
Rule13 4.47 56.02 1.90 �0.71 0.05 �0.77
Rule14 10.71 �5.12 1.57 �3.84 0.17 0.23
Rule15 4.22 �53.71 0.90 5.59 0.01 0.33
Rule16 6.52 20.63 1.62 7.82 0.15 0.18
Rule17 7.27 �6.60 2.01 �6.76 0.03 �1.14
Rule18 4.00 75.27 1.01 �9.33 0.18 �0.31
Rule19 16.95 8.59 0.48 �2.30 0.05 0.57
Rule20 18.49 �77.40 2.34 �2.25 0.14 �0.94
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Fig. 17. Time history of command voltage.
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of the groundhook controller and the MR-STMD movement is sig-
nificantly reduced in comparison with the groundhook controller.
The peak and RMS structural responses of the NSGA-II optimized
FLC are smaller than those of the sky–ground hook controller. All
the dynamic responses of the benchmark building having MR-
STMD controlled by NSGA-II optimized FLC are significantly
reduced compared to the passive TMD. Moreover, the peak dis-
placement response quantities of all the floors are less than those
of the ATMD. The peak and RMS stroke of the MR-STMD are
71.46 cm and 23.87 cm, respectively, which are less than the pre-
scribed limit. Numerical results show that the MR-STMD con-
trolled by NSGA-II optimized FLC satisfies the design requirement
including the 76th floor.

Performance evaluation criteria of MR-STMD controlled by
groundhook, skyhook, sky–ground hook and NSGA-II optimized
FLC are shown with those of the passive TMD and ATMD in Table
4. A comparison between groundhook and skyhook controllers
shows that the groundhook controller provides considerably better
control performance for all the structure responses than the
skyhook controller. On the other hand, the performance criteria
associated with the MR-STMD response (J5 and J11) of the ground-
hook controller are inferior to those of the skyhook controller. As
expected, the control performance of the sky–ground hook control-
ler lies between those of the skyhook and groundhook controllers.
The control performance of the NSGA-II optimized FLC is compara-
ble to that of the groundhook controller, but with a significant
reduction in the MR-STMD response. Table 4 shows that the
control performance of the MR-STMD controlled by the NSGA-II
optimized FLC is superior to that of the passive TMD. In compari-
son with the ATMD, the MR-STMD provides a good performance
for reduction in displacement response (J3, J4, J9 and J10) while
the ATMD shows better control performance criteria associated
with acceleration responses (J1, J2, J7 and J8). It should be noted that
the average and peak control power (J6 and J12) of the MR-STMD
are significantly smaller than those of the ATMD, while it provides
a similar control performance.

The acceleration and displacement time histories of the 75th
floor are shown in Figs. 18 and 19 for the cases of the TMD and
MR-STMD, including the uncontrolled case. The structure re-
sponses with the TMD and MR-STMD are significantly less than
those of the uncontrolled case. As observed in Figs. 18 and 19,
the structure response with the MR-STMD is less than that with
the TMD.

Specifically, the difference between the control performances of
the TMD and MR-STMD is significant around 700 s, where the re-
sponses of the benchmark building are most excessive. Accord-
ingly, the MR-STMD appears to be effective for controlling
excessive vibrations that can cause severe damage to the structure.
The MR-STMD stroke time history is also presented in Fig. 20. As
can be seen in this figure, a greater movement of the MR-STMD



Table 2
Comparison of peak structural response quantities.

Floor No. MR-STMD TMD ATMD

Groundhook Skyhook Sky–ground hook (w = 0.5) NSGA-II optimized FLC

Disp. Acc. Disp. Acc. Disp. Acc. Disp. Acc. Disp. Acc. Disp. Acc.

1 0.04 0.22 0.04 0.21 0.04 0.21 0.04 0.21 0.04 0.21 0.04 0.23
30 4.93 3.74 5.47 4.15 5.19 3.84 4.89 3.75 5.60 4.68 5.14 3.37
50 11.69 7.18 13.04 8.26 12.35 7.65 11.60 6.93 13.34 9.28 12.22 6.73
55 13.60 8.23 15.18 9.21 14.38 8.43 13.49 8.23 15.54 10.74 14.22 8.05
60 15.56 9.37 17.38 10.76 16.45 9.47 15.44 9.04 17.80 12.70 16.27 8.93
65 17.56 10.26 19.63 12.33 18.57 11.05 17.42 10.03 20.10 14.72 18.36 10.05
70 19.58 11.67 21.90 13.99 20.72 12.44 19.42 11.31 22.43 16.77 20.48 10.67
75 21.67 13.36 24.25 16.60 22.93 14.80 21.49 13.14 24.84 19.79 22.67 11.56
76 22.14 14.53 24.77 17.34 23.43 15.46 21.95 14.38 25.38 20.52 23.15 15.89

MR-STMD 106.32 109.06 66.89 72.40 69.53 73.25 71.46 78.42 42.60 46.18 74.27 72.64

Table 3
Comparison of RMS structural response quantities.

Floor No. MR-STMD TMD ATMD

Groundhook Skyhook Sky–ground hook (w = 0.5) NSGA-II optimized FLC

Disp. Acc. Disp. Acc. Disp. Acc. Disp. Acc. Disp. Acc. Disp. Acc.

1 0.01 0.06 0.01 0.06 0.01 0.06 0.01 0.06 0.01 0.06 0.01 0.06
30 1.24 0.95 1.40 1.14 1.33 1.06 1.26 0.97 1.48 1.23 1.26 0.89
50 2.99 2.02 3.37 2.54 3.22 2.34 3.03 2.08 3.57 2.79 3.04 2.03
55 3.49 2.34 3.94 2.95 3.76 2.72 3.54 2.41 4.17 3.26 3.55 2.41
60 4.01 2.66 4.53 3.36 4.32 3.08 4.06 2.73 4.79 3.72 4.08 2.81
65 4.54 3.05 5.13 3.84 4.89 3.53 4.60 3.13 5.43 4.25 4.62 3.16
70 5.08 3.42 5.75 4.33 5.48 3.98 5.15 3.52 6.08 4.76 5.17 3.38
75 5.64 3.91 6.38 4.85 6.08 4.48 5.71 4.01 6.75 5.38 5.74 3.34
76 5.77 3.98 6.52 4.98 6.22 4.58 5.84 4.08 6.90 5.48 5.86 4.70

MR-STMD 30.74 30.55 16.99 18.03 19.58 20.31 23.87 23.96 12.76 13.86 23.03 22.4

Table 4
Comparison of performance criteria (note: lower value indicates higher performance).

Index Description MR-STMD TMD ATMD

Ground hook Skyhook Sky–ground hook (w = 0.5) NSGA-II optimized FLC

J1 RMS response Max. acc. 0.428 0.531 0.490 0.438 0.589 0.369
J2 Avg. acc. 0.420 0.528 0.485 0.431 0.583 0.417
J3 Max. disp. 0.569 0.643 0.613 0.576 0.681 0.578
J4 Avg. disp. 0.571 0.645 0.615 0.578 0.682 0.580
J5 Actuator stroke 3.032 1.676 1.931 2.354 1.258 2.271
J6 Control power 3.237 1.808 2.082 2.532 1.358 11.988

J7 Peak response Max. acc. 0.441 0.547 0.488 0.433 0.652 0.381
J8 Avg. acc. 0.461 0.541 0.487 0.450 0.637 0.432
J9 Max. disp. 0.685 0.767 0.725 0.679 0.786 0.717
J10 Avg. disp. 0.694 0.775 0.734 0.688 0.794 0.725
J11 Actuator stroke 3.292 2.071 2.153 2.211 1.319 2.299
J12 Control power 3.494 2.167 2.246 2.341 1.384 71.869
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is required to reduce the excessive response of the building. Fur-
thermore, it can be recognized that the peak MR-STMD stroke is
less than the maximum allowable STMD stroke (i.e. 95 cm).

In addition to the control performance, robustness is one of the
most important features of control devices. The benchmark prob-
lem suggested that the robustness of the proposed controller
should be discussed because the variation of the structure’s
frequency may cause significant performance deterioration. To
investigate the robustness of the proposed MR-STMD, the perfor-
mance criteria of the passive TMD and MR-STMD are compared
for stiffness uncertainties of ±15% as shown in Table 5. Among
the twelve criteria, only eight criteria (J1–J4 and J7–J10) are used be-
cause the other criteria represent the performance of the mass
damper. Numerical results show that the robustness of the
MR-STMD is superior to that of the passive TMD, although the con-
trol effects of the MR-STMD are deteriorated with stiffness varia-
tion. In the case of the passive TMD under a stiffness uncertainty
of �15%, J10 is slightly larger than ‘1’. In this case, the peak dis-
placements of the building with TMD are less than those without
TMD in the upper stories, but the peak displacements controlled
by TMD are larger than the uncontrolled responses in the lower
stories. Performance index of J10 is the average value of the peak
displacements for selected floors as described previously. Conse-
quently, it is calculated to be slightly larger than 1 though the peak
displacement of top floor is reduced by passive TMD.

The main disadvantage of GA optimization is that it needs
intensive objective function evaluations and thus it is sort of
slow compared to conventional optimization methods. Numerical
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Fig. 18. Acceleration time history of the 75th floor.
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Fig. 19. Displacement time history of the 75th floor.
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Fig. 20. MR-STMD stroke time history.

Table 5
Robustness of TMD and MR-STMD.

RMS responses Peak responses

Index DK = �15% DK = +15% Index DK = �15% DK = +15%

TMD MR-
STMD

TMD MR-
STMD

TMD MR-
STMD

TMD MR-
STMD

J1 0.594 0.544 0.494 0.468 J7 0.695 0.663 0.556 0.544
J2 0.586 0.535 0.488 0.464 J8 0.697 0.622 0.557 0.524
J3 0.809 0.775 0.526 0.517 J9 0.999 0.868 0.633 0.639
J4 0.810 0.776 0.527 0.516 J10 1.008 0.874 0.637 0.648
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simulation for 900 s with a time step of 0.001 s under the environ-
ment of SIMULINK requires really high computational time.
Although a state order reduction method was used to derive the
24 DOF model of a 76-story building structure for efficient numer-
ical computation, computational time is considerable for searching
the optimal solutions of fuzzy controller. In this study, numerical
simulation time for one generation takes approximately 4 h by
using a computer with Core i7 3.4 GHz processor, 8.0 GB RAM,
and Matlab R2009b 64-bit. In order to reduce the computational
efforts for objective function evaluation, a time step of 0.001
and/or a simulation duration of 900 s can be modified. Much re-
search has been conducted on the improvement of the efficiency
of GA optimization [42,43]. If this advanced GA technique is ap-
plied to the optimization of fuzzy controller, the optimization time
is expected to be considerably reduced.

7. Conclusions

This study investigates the control performance of a semi-active
TMD with an MR damper (MR-STMD) for a 76-story tall building
subjected to wind excitation. In order to effectively control the
MR-STMD, a fuzzy logic controller is employed in this study and
it is optimized by a multi-objective genetic algorithm (NSGA-II).
After an optimization run using NSGA-II, an engineer can select
an appropriate FLC that satisfies the desired performance require-
ments from among a number of Pareto optimal solutions. Since
skyhook and groundhook control algorithms can effectively reduce
the dynamic responses of the MR-STMD and the building structure,
respectively, they are used as comparative controllers. The sample
passive TMD and ATMD proposed in the benchmark problem are
also used as references for comparative studies.

Based on numerical simulations, it can be seen that the NSGA-II
optimized FLC can effectively reduce both responses of the MR-
STMD and building structure compared to the sky–ground hook
control algorithm. The MR-STMD controlled by the proposed FLC
shows significantly better control performance than the passive
TMD. Generally, the control performance of the MR-STMD is
comparable to that of the ATMD, whereas the control power of
the MR-STMD is substantially lower than that of the ATMD. For
the reduction of the acceleration responses, the ATMD shows a bet-
ter control performance than the MR-STMD. However, the MR-
STMD can effectively reduce the displacement responses compared
to the ATMD. For changes in stiffness of the structure, the MR-
STMD controlled by the proposed controller is less sensitive than
the passive TMD. However, even if an MR-STMD shows better
control performance than the passive TMD, an engineer should
carefully consider the introduction of an MR-STMD by weighing
the performance improvement against the additional cost associ-
ated with managing a semi-active control system. Consequently,
the design requirements of the benchmark problem have been suc-
cessfully achieved by the proposed control method while satisfying
the control device capacity constraints. Since the MR-STMD with
an MR damper having a reasonable capacity (100 kN) is success-
fully used to control the full-scale 76-story building, the MR-STMD
is expected to be a practical means for mitigating the wind-in-
duced responses of a tall building. In research on this benchmark
problem for response control of wind-excited tall buildings includ-
ing this study, the same wind loads obtained from wind tunnel are
used for both development and evaluation of controllers because
only one set of across-wind data are provided in the benchmark
problem. Accordingly, in order to increase confidence in the appli-
cability of the control method proposed for this benchmark prob-
lem, other wind loads obtained from wind tunnel will be
required to be used for performance evaluation.
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