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Abstract: In this paper, a new active control procedure is presented using the developed critical
damping concept. This strategy uses the well-known structural dynamics theories for improving the
performance of critical damping (CD) method. In conventional CD algorithm, only the effect of first
vibration mode has been incorporated to calculate the actuator force. The proposed method develops
the critical damping concept so that the actuator force is formulated by considering the effects of the
first and second vibration modes. This strategy improves the efficiency of the critical damping
technique. Since the total damping matrix corresponding to the dynamic system should be semi
positive definiteness, a novel approach is suggested here for determining the actuator and sensor
locations. According to the proposed concepts, a new active control algorithm is obtained. Efficiency
and stability of the proposed method is assessed by active control of vibrations of some shear buildings
subjected to various dynamic loads. Results demonstrate considerable merit of the proposed active

control algorithm compared to the common critical damping method.
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1. INTRODUCTION

Vibration control and monitoring structural
response are some of the most important subjects in
dynamic analysis. In this regard, improving the
seismic performance of structures and controlling
their vibrations are very important so that smart
structures are systems which can protect themselves
against the external hazards such as earthquake and
wind [1]. Such structures could modify their
behaviors and adapt with dynamic effects [2]. In the
other words, maintaining and improving the
structural performance against the aforementioned
excitations are important subjects known as structural
control [1]. Several researches have been carried out
on the field of structural control. These methods are
categorized in three main groups including active,
passive and semi-active techniques [3].

Passive control approach is a system in which the
stiffness and damping of the structure are changed
without requiring any external energy sources [4]. In
these mechanisms, no external power source is
required and control forces are generated in
consequence of structural motion. Such controllers
are utilized frequently due to the simplicity in their
application and lack of external power requirements.
However, the passive controllers are tuned only for a
limited frequency range. Thus, in severe the seismic
excitations, such controllers may increase the

vibration amplitude especially near the resonance
condition [1]. For this reason, active control methods,
which possess high potential for using in wide range
of frequencies, are introduced. Each active control
procedure tries to reduce the vibrations based on a
particular algorithm. In all strategies, minimization
the vibrations amplitude in a shortest possible time is
the main goal [2]. Active control systems always
require an energy source for generating external
forces, which affects the equilibrium equation of
motion of the structure [1]. Actuator location and its
applied force are important parameters in the
performance of such systems. Improper algorithm of
active control procedure may lead to instability and
even collapse of structure. On the other hand, semi-
active procedures are obtained by modifying the
passive systems in combination with active control
strategies [1].

Various active control algorithms have been
introduced. Bayard et al. proposed the D-optimal
principle in which the selected vibration’s modes are
transformed into a unitary form so that the suitable
position of the piezoelectric element is obtained [5].
Kamada et al. modeled a four-story building using
piezoelectric actuators [6]. Many researchers have
also investigated the appropriate placement of
piezoelectric actuators. Han and Lee employed
genetic algorithm for finding the optimal locations of
piezoelectric sensors and actuators [7]. Sadri et al.
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used controllability Grammian criteria to locate the
optimal placement of piezoelectric actuator [8]. To
reduce the global noise level in a plate, Gao et al. used
genetic algorithm for optimal placement of multi-
actuators [9]. Based on the experimental results, Sethi
and Song demonstrated the effectiveness of multi-
modal active control of the smart frame structure
using pole placement control [10]. Applying the
Model Reference Adaptive Control into the Active
Mass Dampers was studied numerically and
experimentally for structures excited by the seismic
effects [11]. Moreover, a time-delayed acceleration
feedback controller was presented and applied to a
cantilever beam for different controller gain—delay
combinations [12]. A new performance index for
active vibration control of three-dimensional
structures was also suggested by Yanik and his co-
workers [13]. The proposed performance index has
been utilized for a six-story three-dimensional
structure under several far-fault and near-fault
earthquakes. On the other hand, an efficient
computational approach was utilized for active
control of nonlinear dynamic analysis of smart
piezoelectric composite plates [14]. In another study,
a fast-predictive control model was presented for
large-scale structures subjected to earthquake ground
motion [15]. The actuator force is obtained by solving
one linear complimentarily problem and one transient
analysis problem. In a recent research, an active-
passive integrated vibration control method which
has been used for the frequency domain analysis of
truss structures demonstrates that this model could
restrain the high-frequency vibrations and improve
the characteristics of low-frequency vibrations [16].

In smart structures, appropriate performance of
actuators and sensors depends on suitable placement
of their locations as well as determining the actuators
force. For this purpose, different algorithms such as
Linear optimal control, discrete time-optimal control,
pole assignment, nonlinear control, sliding mode
control and using evolutionary algorithms like
genetic algorithms and neural networks have been
presented [1]. In these algorithms, the fundamental
principles of structural dynamics are neglected. To
overcome this defect, Alamatian and Rezaeepazhand,
introduced a new algorithm based on critical damping
theory [3]. In this method, known as CD procedure,
single actuator is attached to the structure and
modeled as an additional damper. The suitable
locations of sensor and actuator are also determined
based on modal shape vectors. On the other hand,
they utilized this critical damping concept for
controlling the frame’s vibrations by introducing
magnification factor [17]. In 2014, Karimpour et al.
generalized the critical damping technique for the
case of multi-actuators, which each actuator force is

modeled as an equivalent viscous damper so that
several vibration modes are damped critically [1].
Recently, linear actuator was utilized for active
control based on real-time measurement of relative
displacement [18].

From the applicability and economy point of
views, structural control with single actuator i.e. CD
technique, provides more suitable conditions in
comparison with methods, use multi actuators. In the
previous researches, the force of single actuator is
calculated so that only the first vibration mode is
critical [3]. In the other words, it is not possible to
determine the actuator force by considering several
vibration modes. Although the first mode has the
most contribution in the dynamic response,
incorporating the effects of higher modes could lead
to a more efficient control procedure. This concept is
evaluated here. For this purpose, the critical damping
method is formulated by considering the effects of
two vibration modes i.e. first and second, for
determining the single actuator force. Therefore, a
new method is proposed here for active structural
control. Moreover, a new technique is presented here
for determining the location of actuator and sensor by
preserving the symmetry of equivalent damping
matrix of controlled system.

2. CRITICAL DAMPING THEORY FOR
ACTIVE CONTROL

If a structure is excited by dynamic hazards, the
equilibrium equations of motion could be obtained by
different methods such as Hamilton’s principle [19]:

[M]{B}+[C]{D} +[K]{D} = {P} @)
where [M], [C] and [K] are the structural mass,
damping and stiffness matrices, respectively.
Moreover, {P} and {D} are the external load and

nodal displacement vectors, respectively. Control
strategies try to reduce the dynamic response,
obtained from Eq. (1). The critical damping (CD)
concept is one of these techniques, which introduces
a novel procedure for active control of structures [3].
In contrast to the common active control procedures,
which use mathematical concepts, the critical
damping technique utilizes structural dynamics
theories. In this method, actuator is considered as an
additional viscous damper and the actuator force is
formulated so that the modal damping coefficients are
critical. For the first time, this method was introduced
by attaching single actuator and single sensor to the
structure and the actuator force was formulated so
that first modal damping becomes critical. Hence, the
optimum actuator force is obtained at each time
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instance. For this purpose, Eq. (1) is rewritten as
follows [20]:

[M]{D}+[C{D}+[K]{D} +{F.}={P}  (2)
Here, {Fu} is actuator force vector. The vibrations

will be damped as quickly as possible if the structural
damping is critical. This concept is the main idea,
which is used in the critical damping approach. By
transforming Eq. (2) to the modal space, using
following definition;

{D} =[@]{Z] 3)
In Eq. (3), {Z} represents the modal displacement

vector. By pre-multiplying Eq. (2) by the transpose of

i™ modal shape vector i.e. {(pl. } , equation of motion

is written for /™ arbitrary mode. Assuming one

actuator that is attached to the &™ degree of freedom,
Eq. (3) is expressed as [3]:
MiZi + CiZi +K.Z, + ¢)kiFak = {(Pi}T {P} 4)

where M, , C, and K, are the mass, damping and

stiffness of /™ vibration mode, respectively.

Furthermore, F* is the actuator force, applied to 4™
degree of freedom and ¢,, denotes the k™ entry of i

shape vector. Since the actuator is assumed as an
additional damper, Eq. (4) could be re-arranged as
follows:

o4 ¢kiFak 7 T
M.Z +|C, L Z+KZ ={o} {P} (5

The equivalent damping of i vibration mode,C,
is defined as:

k
* ¢kiFa
C =C +—=+ 6
T (6)
The first mode has the most effect in dynamic
response. Therefore, the equivalent damping of i™
vibration mode is assumed critical:

Cl* =C, =2M,o, (7)
where M| and @, are the modal mass and natural

frequency corresponding to the first mode,
respectively. On the other hand, choosing appropriate
locations for actuator and sensor leads to optimal
performance of active control algorithm. Based on
previous studies, actuator should be attached to
degree of freedom with largest value in the first
modal shape vector [3]. Similarly, sensor should be
attached to the degree of freedom with largest value
in the first row of the inverse modal shape
matrix [3]. Accordingly, Z, could be approximated

as follows [3]:

Z, = ¢)1—L1 D, ®
where L is the location of sensor and ¢;, denotes L™
entry in the first row of the inverse modal shape
matrix. After determining the locations of sensor and

actuator, based on the described procedure, the
actuator force at each time instance is obtained [3]:

-1
Ff =2 (oM, -C))D, )
P
It should be noted that in common critical
damping (CD) theory, the first vibration mode was
only utilized for predicting the actuator force [3]. In
this study, the first and second vibration modes are
used to formulate the actuator force. This concept
leads to a new active control method.

3. THE PROPOSED FORMULATION

In the common critical damping method, the effect
of the first vibration mode is only considered.
Although the first vibration mode is formed a
significant portion of the dynamic response, applying
the effects of higher modes could lead to a more
accurate procedure. In the other words, the actuator
force is formulated here by utilizing more than one
vibration mode. This is a novel procedure, which is
presented here. For applying such concept, it is
assumed that one actuator is attached to the structure.
Calculating the actuator force based on using the
effect of first and second vibration modes is the final
goal of this paper. First, Eq. (4) is rewritten for the
first and second vibration modes:

{MIZI +CIZI +K,Z, +(Pk1Fak :{(Pl}T {P} (10)

Mzzz + szz + Kzzz + (szFak = {q’z}T {P}

By modeling the actuator as a viscous damper,
Egs. (10) could be transformed as below:

“ (/7k1F;k ; T
MZ +| C+ 5 Z,+KZ ={¢} {P}
1
an
> ¢)k2F:1k ; r
M,Z, + C2+Z.— Z,+K,Z, ={9,} {P}
2

The first modal velocity, i.e. Z; is determined from
Eq. (8). Similar procedure could be performed for
calculating the velocity of the second vibration mode
ie Z,:

(12)

In Eq. (12), L; is the location of the second sensor
installation. For annihilating the vibrations caused by
the 1™ and 2™ modes, the corresponding damping
coefficients i.e. C; and C;, are assumed to be equal to
critical values:

Z2 ~ %Z D1Q
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. (13)

G, =C,,=2M,0,

By solving Egs. (13), the actuator force is

calculated so that the vibrations of the first and second
modes damp critically;

{Cl* = Ccrl = 2]\/[1(01

F;k] = _(2M1a)1 -G )DLl
4 _ (14)

?,

Here, F" and F" are corresponding actuator
forces, which cause critical damping conditions in the
first and second vibration modes, respectively. By
superposing the effects of the first and second

vibration modes, the actuator force is determined;

1
Fak :Ezkl +Ezk2 :&(ZMIOJI _CI)DL +
@, ‘

. (15)

Dy,

@,

Eq. (15) shows that the actuator force is a function

of velocities in the L,” and L," degrees of freedom.

On the other hand, Eq. (15) could be transformed into
the matrix form:

F/ =[C]{D| (16)

where, [(_3] is the equivalent damping matrix due to

(2M,0, - C, )DLZ

attach the actuator to the main structure. It is clear that
all entries of this matrix are zero except the elements
corresponding to L;™ and L,;™ columns in ™ row.
Substituting Eq. (13) into Eq. (2), the equilibrium
equation of motion is achieved:

(M]{D}+([cl+[C){D} +[K]{D}={P} (17)

In this model, the actuator increases the equivalent
damping of controlled structure. Moreover, [E] isa

non-symmetric matrix in its general form. This
subject destroys the symmetry of total damping
matrix and causes instability in step-by-step time
integrations. According to the fundamental theories
of structural dynamic, damping matrix should
be positive semi-definite [21]. Therefore, it is
necessary to preserve the symmetry of equivalent
damping matrix of controlled system. This goal is
accomplished if L; and L, are the same and equal to
k. In the other words, the proposed method only
requires one sensor, attached to the k™ degree of
freedom i.e. both of sensor and actuator should be
installed on the same degree of freedom. By applying

this concept, [E] represents a diagonal matrix in

which 4" entry is as below:

-1 —1
C(k.k) =&(2M,w, -C) +@(2M2a)2 -C,) (18)
@i 2%

So far, extensive researches have been conducted
on finding the optimal locations of sensors and
actuators [22-27]. In order to determine the location
of sensor and actuator, the previously mentioned
procedure, proposed by  Alamatian  and
Rezaeepazhand, is followed [3]. According to this
technique, the actuator is attached to a degree of
freedom, which is corresponding to the largest value
of the first row in modal shape matrix.

One could make a comparison between the
proposed active control method, see Eq 15 and well-
known critical damping theory [3]. Both of these
active controllers utilize single actuator and one
sensor to reduce vibrations. However, the actuator
force in the proposed method is formulated by
applying the effects of first and second vibration
modes. In the well-known critical damping theory,
the actuator and sensor could be attached to different
degrees of freedom [3], however, both of actuator and
sensor are installed on the same degree of freedom in
the suggested active control procedure. In the next
section, the efficiency of the proposed active control
procedure will be verified through analyzing some
numerical examples.

4. NUMERICAL EXAMPLES

To assess the ability of the proposed active control
method, two numerical examples with various
loading conditions are investigated. For this purpose,
the suggested technique is combined with the
Newmark time integration scheme. Then, the
dynamic response of structure could be calculated at
each time, using step-by-step procedure. A computer
program developed by the authors carries out this
process. The main steps of the proposed algorithm
could be summarized as below:

1- Construct the mass, damping and stiffness
matrices of the main structure, choose time
step size At andlet n >0

2- Determine the actuator location k, let sensor
location L — k

3- Calculate diagonal entries of [6] through
Eq. (18)

4 Let [C]>[C]+[C]

5- Calculate displacement, velocity and
acceleration vectors at the current step by

using the Newmark scheme
6- Calculate actuator force utilizing Eq. (15)
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7- Letn >n+1
8- Terminate if the whole time domain is
covered, otherwise go to 5

In the following, vibrations of some shear
buildings are actively controlled by the proposed
technique and results are compared with other
methods such as critical damping (CD) scheme.

4.1. Six-story shear building

A six-story shear building according to Figure 1 is
considered [28]. The mass and stiffness of each story
has been shown in Figure 1. The damping matrix is
constructed using the Rayleigh assumption with
coefficient ratio 0.001. Time step for dynamic
analysis is 0.05 sec. By solving an eigenvalue
problem and determining the modal shape vectors,
the locations of sensor and actuator could be obtained.
The details of this procedure have been inserted in
Table 1. Since the entry in the first modal shape
vector corresponding to the 6™ degree of freedom has
the largest value, the actuator is attached to this
degree of freedom. To preserve the symmetry of
equivalent damping matrix of controlled system in the
proposed scheme, the sensor is also installed on 6™
degree of freedom. On the other hand, the largest
value of the first row in the inverse of modal shape
matrix occurs in 4™ entry. Thus, the sensor is attached
to 4™ degree of freedom in critical damping method
(CD). For the first study, this building is subjected to
harmonic loads, shown in Figure 1. The time-history
of 6" roof has been plotted in Figure 2. It is clear that
the proposed method reduces the oscillations more
efficient than the critical damping (CD) technique.
For better comparison, maximum displacements of
each story as well as maximum actuator force are
reported in Table 2.

It is concluded that the proposed method has
considerably decreased the maximum displacement
of all stories compared with CD and control off
procedures. Moreover, maximum required actuator
force in the proposed method is less than the critical
damping strategy.

In next analyses, harmonic loads are removed and
the structure is excited by two kinds of ground
acceleration i.e. far field and near field records.
Figures 3 and 4 show Manjil (far field) and Northridge
(near field) ground acceleration records, respectively.
Using time steps as 0.005 sec and 0.01 sec for Manjil
and Northridge earthquakes, respectively, the ability
of the proposed method is investigated. The time-
history displacement of 6™ story for Manjil and
Northridge earthquakes have been plotted in Figures
5 and 6, respectively. Evidently, the proposed method
has better performance in comparison with the critical
damping approach so that it could damp the

vibrations quicker than CD approach. In addition,
maximum displacement of different stories and
maximum actuator force for Manjil and Northridge
acceleration records have been inserted in Tables 3
and 4, respectively. It is concluded that proposed
method causes more reduction in stories
displacements compared with the critical damping
technique. However, the maximum required actuator
force of the proposed method is slightly greater than
the CD case.

1.3603sin(2t) — | ", = 26.269 ton
ke = 23.035
N . = 26.269 ton
ks = 23.035°%
2.2672sin(t) —> | 1, — 52.538 ton
k, = 34.552
[ . — 52.538 ton
ks = 34552

3.6275sin(3t) —>

m, = 78.806 ton
ton]

k, = 46.069_;
my = 78.806 ton

k, = 46.069°

TIIIIITI

Figure 1. Six-story shear building

Table 1. The Actuator and Sensor Locations for six-
story shear building

Degree _ Optimal control
of {(Pllnv } {9} case
freedom CD | Proposed
1 0.25756 | 0.12754
2 0.4893 | 0.24231
3 0.4887 | 0.36302
S4-A6 | S6-A6
4 0.60777 | 0.45144
5 0.35261 | 0.52383
6 0.37782 | 0.56127

T T
30F Control Off
20F—— CD(S4-A6)
Proposed(S6-A6)

10f

—10F
—20F

Displacement (cm) —Story 6
o

—30F

Time (sec)

Figure 2 . Time history of roof displacement for six-
story shear building subjected to the harmonic load

RJAV vol 15 issue 2/2018

94 ISSN 1584-7284



ozf’

0.1

20¢

10F

Control Off
CD(S4-A6)
Proposed(S6-A6)

Ag(g)

0.0

-0.1

—10F

Displacement (cm) —Story 6
o

—20F

-0.2

Figure 3. The Manjil base excitation
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Figure 5. Time history of roof displacement for six-

story shear building subjected to the Manjil base
excitation

0.4r

0.2r

100F T

501

Displacement (cm) —Story 6
(=]

Control Off

::"Z 0.0
-50f
-0.2F CD(S4-A6)
) ) : . X ) —100F, ) : ) Propnsed(SIE—AG).
0 5 10 15 20 25 0 5 10 15 20 25
Time (sec) Time (sec)
Figure 4. The Northridge base excitation Figure 6. Time history of roof displacement for six-
story shear building subjected to the Northridge base
excitation
Table 2.Comparison of maximum response and maximum actuator force for six-story shear building
subjected to the harmonic load
Maximum displacement Displacement reduction percentage Maximum actuator force
St (cm) (%) (ton)
ory
Control Control off — Proposed | CD — Proposed
off CD | Proposed Control off cD CD Proposed
1 6.73 1.78 1.02 84.86 42.70
2 12.82 | 3.42 1.96 84.71 42.69
3 19.44 | 5.12 2.40 87.67 53.13
3.834 3.474
4 2445 | 6.57 2.72 88.89 58.60
5 28.40 | 7.61 2.83 90.02 62.81
6 30.60 | 8.33 3.03 90.10 63.63
Table 3. Comparison of maximum response and maximum actuator force for six-story shear building
subjected to the Manjil base excitation
Maximum displacement Displacement reduction percentage (%) Maximum actuator force
(cm) (ton)
Story
Control Control off — Proposed | CD — Proposed
off CD |Proposed Control off cD CD Proposed
1 7.35 6.44 4.90 33.35 23.91
2 12.97 |11.62 8.37 35.44 27.97
3 17.05 |16.61 10.95 35.79 34.08
15.453 15.872
4 21.39 |19.09 11.88 44.43 37.77
5 24.88 |22.58 11.55 53.56 48.85
6 26.69 (26.30 11.24 57.88 57.26
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Table 4. Comparison of maximum response and maximum actuator force for six-story shear building
subjected to the Northridge base excitation

Maximum displacement Displacement reduction percentage | Maximum actuator force
Story (cm) (%) (ton)
CO:;OZ CD |Proposed Contrrgono_tjz;l— Z;posed €D~ Proposed ngosed CD Proposed
1 24.52 |12.88 10.09 58.87 21.66
2 4546 (21.00 17.15 62.27 18.33
3 64.35 125.09 21.89 65.98 12.75
32.098 42.192
4 78.77 |33.31 22.93 70.89 33.16
5 91.87 145.49 18.63 79.72 59.05
6 99.10 |53.01 16.53 83.32 68.81

4. 2. Ten-story shear building

Here, vibrations of a ten-story shear building
shown in Figure 7 are actively controlled [29]. The
damping matrix is constructed based on the Rayleigh
principle with two factors i.e. the damping matrix is
proportional to both mass and stiffness matrices.
These two coefficients are calculated by assuming
damping ratios of 5% for the first and third vibration
modes. The fundamental period of vibration is 0.58
sec [28].

By solving an eigenvalue problem that its results
have been presented in Table 5, locations of sensor
and actuator could be determined. Since the largest
value of the first modal shape vector occurs in the 10™
entry, the actuator (and hence sensor in the proposed
method) will be attached to 10™ degree of freedom.
Moreover, the sensor is installed on 9" degree of
freedom in the critical damping method.

For the first study, the structure is subjected to
impact loads shown in Figure 8. Using time step as
0.005 sec, dynamic response is calculated. Figure 9
depicts the time-history of roof displacement. It is
clear that the proposed active control method
decreases the vibrations quicker than the CD
approach. Furthermore, the maximum displacement
of each story and maximum required actuator force
are inserted in Table 6. Results prove that the
suggested active control procedure could effectively
reduce the maximum displacement in all degrees of
freedom and demonstrates better performance
compared to the CD method. However, the maximum
required actuator force of the proposed technique is
greater than the CD case.

In the next analyses, lateral loads are removed and
the structure is excited by two ground acceleration
records i.e. Manjil and Northridge earthquakes. The
variation of roof displacement versus time has been
plotted in Figure 10 for time step size 0.01sec if the
Manyjil earthquake ground acceleration record excites

the building. Moreover, the maximum displacement
of each story and maximum actuator force of this case
are also inserted in Table 7. According to Table 7, it
is clear that the displacement reduction of 8", 9™ and
10™ stories caused by the proposed method is greater
than the CD technique; however, this improvement
could not be seen in other stories. On the other hand,
Figure 11 illustrates the time-history of roof
displacement for the Northridge base excitation. The
maximum displacement of each story and maximum
actuator force are also inserted in Table 8.

It is observed that the proposed active control
algorithm could efficiently reduce the maximum
displacement in all stories. This reduction, of course,
is greater than the critical damping method. However,
the maximum required actuator force of the CD
technique is less than the proposed scheme.

P(t)—>
kig = 20.2052

mqo = 12 ton

0.9P(t)—> mg = 16 ton
ko = 20.205 =
9 — E cm

0.8P () — N 17, = 16 ton
kg = 20.205 ==
8 = : cm

0.7P(t)—— R ., — 16 ton
k, = 64.132 2
7= . cm

0.6P (t) — [ 1, = 16 ton
ke = 64.132 2

0.5P () — | 1. — 16 ton
ks = 64.132 ==

0.4P(t) —> I 1, = 16 ton
ks = 137.2710s

03P(t)—— I 1/, — 16 ton
ks = 137.2712%

0.2P (t) — | ., — 16 ton
kz = 137.27122

0.1P(t)—— | 1, = 16 ton
ky = 137.271=

brriaareced T

Figure 7. Ten-story shear building
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Figure 8. Time history of the impact load

0.12

Time (sec)

Figure 9. Time history of roof displacement for ten-
story shear building subjected to the impact load

S e Control OFf
? 4b CD(S9-A10)
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Table 5. The actuator and Sensor Locations for ten- 2 °F YWIIW{FY 'k i ('z‘r‘,;', A dilt “"'i”
story shear building § Y m A AL -
o —4f
_ Optimal control & . :
Story {(Pinv } {(P1} case 0 10 S 20 2 30
CD | P d
ropose Figure 10. Time history of roof displacement for
I ]0.037102 | 0.034183 ten-story shear building subjected to the Manjil base
2 10.073688 | 0.067891 excitation
3 10.10925 |0.100656 s T —— Gomoof
4 10.143293 | 0.132021 j’ = s to-nt0)
5 10.211899 |0.195229 E
S9-A10 | S10-A10 | =
6 10.274199 |0.252629 £
7 10.328343 |0.302513 5
8 10.469189 |0.432279
Time (sec
9 10565731 |0.521226 e
10 |0.456638 | 0.560954 Figure 11. Time history of roof displacement for

ten-story shear building subjected to the Northridge
base excitation

Table 6. Comparison of maximum response and maximum actuator force for ten-story shear building

subjected to the impact load

Maximum displacement Displacement reduction percentage Maximum actuator
Story (cm) l (%)d force (ton)
CO:};IOI CD | Proposed Contrzoni]}?; ; Z;pose Cl)l;—lgﬂ)sed CD Proposed
1 0.45 0.44 0.43 2.92 2.27
2 0.89 0.88 0.86 3.26 2.27
3 1.32 1.30 1.26 4.73 3.08
4 1.76 1.71 1.064 6.87 4.09
5 2.66 2.54 2.35 11.66 7.48 19.692 53.820
6 3.50 3.26 2.92 16.58 10.43
7 4.22 3.85 3.28 22.18 14.81
8 6.06 5.12 3.74 38.28 26.95
9 7.27 5.85 3.45 52.44 41.03
10 7.89 6.38 3.33 57.73 47.81
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Table 7. Comparison of maximum response and maximum actuator force for ten-story shear building
subjected to the Manjil base excitation

Maximum displacement Displacement reduction percentage | Maximum actuator force
Story (cm) (%) (ton)
Control off] CD |Proposed Controc{onofd— I:);})posed W CcD Proposed

1 0.39 0.23 0.31 20.99 -

2 0.75 0.44 0.59 20.45 -

3 1.09 0.63 0.86 21.78 -

4 1.43 0.79 1.08 23.92 -

5 2.09 1.12 1.48 29.33 - 10.665 16.627
6 2.70 1.45 1.76 3491 -

7 3.24 1.75 1.89 41.64 -

8 4.68 2.6 1.88 59.79 27.69

9 5.68 3.16 1.75 69.08 44.62

10 6.12 3.39 1.73 71.71 48.97

Table 8. Comparison of maximum response and maximum actuator force for ten-story shear building
subjected to the Northridge base excitation

Maximum displacement Displacement reduction percentage | Maximum actuator force
Story (cm) (%) (ton)
Control off] CD |Proposed Controc{onofd— I:);})posed W CcD Proposed
1 0.65 0.56 0.48 25.93 14.29
2 1.26 1.08 0.92 26.80 14.81
3 1.84 1.56 1.32 27.96 15.38
4 2.36 1.98 1.66 29.69 16.16
5 3.39 2.78 2.25 33.70 19.06 17391 26.325
6 4.31 3.46 2.66 38.30 23.12
7 5.13 4.02 2.88 43.83 28.36
8 7.40 5.57 2.98 59.79 46.50
9 9.09 6.82 2.75 69.73 59.68
10 9.86 7.44 2.70 72.65 63.71

5. CONCLUSION

In this paper, a novel approach was presented for
improving the critical damping active control
procedure. For this purpose, two vibration modes i.e.
first and second were utilized to formulate the single
actuator force. Here, the actuator force was assumed
to produce fictitious viscous damping for dynamic
system. As a result, the actuator force was formulated
so that the first and second modes were damped
critically. The proposed method utilizes single
actuator and single sensor, which is suitable from
applicability and economy point of view. Moreover,
both actuator and sensor should be installed on same

degree of freedom to guarantee the stability of active
control procedure (positive semi-definite of
equivalent damping matrix). To evaluate the
efficiency of the proposed method in comparison with
common critical damping strategy (CD), two shear
structures including six-story and ten-story buildings
were analyzed with various dynamic loads. Based on
the numerical experiments, the proposed method has
suitable ability to reduce the structural vibrations and
preserve the stability of control process. Numerical
results also demonstrate that the proposed method is
not sensitive to the type of dynamic load so that it
could efficiently decrease the maximum
displacement of structures for various loads such as
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harmonic force, impact load and base excitation (far
field and near field earthquakes). In the other words,
the proposed active method causes greater reduction
in vibration’s amplitude compared to the common
critical damping (CD) technique. However, the
maximum required actuator force of the proposed
method is usually greater than the critical damping
technique. This defect could be solved by increasing
number of actuators. Thus, generalizing the proposed
technique to the case of multi-actuators and multi-
sensors could increase the efficiency of control
process.
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