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Abstract: This study presents a new method for determining suitable locations and number of 
MagnetoRheological dampers in semi active procedures. Here, the first mode of structural oscillation is 
used and some specific criteria are introduced to classify the structural types. Based on this classification, 
the structural stories are divided into three categories: very weak, weak, and strong. The best place to install 
a MR damper is very weak stories. The efficiency of dampers will increase if MR dampers attached to the 
very weak stories so that the relative displacement of top of structure reduces considerably. Moreover, the 
number of MR dampers is assumed to be equal to the number of very weak stories as the dampers act by 
high performance. This method easily provides the necessary information for the structural control designer 
to use these devices logically and efficiently. By applying this approach, designers can easily determine 
number and location MR dampers. Moreover, the proposed method could determine number of fully 
activated dampers; however, MR dampers may not be completely activated in common techniques. Based 
on the proposed approach, vibrations of four models are controlled by MR dampers and results are 
compared with conventional techniques. Results show that the suggested method has suitable efficiency 
and consistency with other well-known studies. 
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1. INTRODUCTION  
 

There are various systems and devices for 
structural control against dynamic loads. Considering 
control forces, these systems can be classified into 
three categories including the passive, active and 
semi-active control. With regards to the passive 
control, the system is designed for specific excitation. 
This can be assumed as a simple controlling technique 
with low maintenance costs and no need for any 
external sources. Besides, the control features are 
constant in this technique and the system cannot be 
adjusted to suit other excitation conditions [1]. Tuned 
mass damper and base isolation are two instances of 
passive control system. Accordingly, the active 
control system has been considered since 1989. In the 
active control system, by measuring with sensors, the 
actuator is instructed to adjust the appropriate 
reciprocal force, and this loop continues until the end 
of the excitation load. Therefore, the system monitors 
the excitation load intelligently and changes the 
capacity of the structure, accordingly. The major 

problems with this control technique are complexity 
of calculations, uncertainties of the factors, high-
force actuators, and the need for a large energy source 
[2,3]. Hence, by combining the active and passive 
control, the researchers provided the semi-active 
control technique. In this type, the sensors measure 
the excitation and the dampers, proportionally modify 
the damping of the system, so that the oscillations are 
eliminated faster. Consequently, the system requires 
less force and power supply, while maintaining its 
high intelligence [4,5]. Magnetorheological dampers 
are modern, robust and powerful devices of dampers 
that are suitable for structural projects. In this way, 
one of the most effective factors, which can increase 
the efficiency of such systems, is the suitable location 
and number of MR dampers.  

Some experimental studies were performed on the 
behavioral model of the different MR dampers [5-8]. 
Moreover, the influence of MR dampers on reducing 
three-story frame oscillations was investigated by 
experimental research [9]. Another study showed that 
in a two-story frame with two dampers, the minimum 
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response is obtained when two dampers act with 
different patterns and currents [10]. Moreover, the 
efficacy of MR dampers are influenced by their 
locations [11]. In another study, the cost of steel 
moment-resisting frames was optimized by the 
number of MR dampers through direct performance-
based design [12]. Moreover, the behavior of a three-
story shear frame as well as the system responses and 
the damper force was studied by installing a variety 
of dampers on its various stories [13]. Using the MR 
damper with an external lever system was 
investigated based on PID control algorithm [14]. 
Also, uncertainty of semi-active MR dampers was 
studied [15]. In recent study, a new method was 
presented for parameter identification of MR damper 
using the modified Bouc-Wen model [16]. It is worth 
noting that in all of mentioned studies, the location 
and number of dampers has been determined based on 
engineering experiences or trial and error. 

In this study, a new simple methodology is 
presented for suitable location and number of MR 
dampers. To do this, the structural modal analysis is 
used and some criteria are suggested for the 
classification of the stories. Based on this 
classification, the required criteria are addressed to 
determine the location and the number of MR 
dampers in a structure. Based on the proposed 
approach, vibrations of four numerical examples are 
controlled subjected to the El-Centro earthquake by 
MR dampers and the results are compared with 
common techniques.  
  
2. THE MODEL OF MR DAMPER 
 

There are several patterns accessible for modeling 
of MR dampers. These patterns can be divided into 
two categories, namely implicit and explicit. In 
implicit models, the damper force is made accessible 
by solving complex differential equations.  

 
Figure 1. The modified Bouc-Wen model 

 
For instance, the modified Bouc-Wen model can 

be mentioned as a model in which the involved 
differential equations are solved by numerical 
methods such as Runge-Kutta 4th order [6]. Fig. 1 
shows the modified Bouc-Wen behavioral model. 

Based on the Fig. 1, following relation can be written 
for damper force [6]: 

 
Fd = �K0(x − y) + C0(ẋ − ẏ) + 0α T�

+ K1(x − x0) 
= C1ẏ + K1(x− x0) 

C1𝑦̇𝑦 = K0 (x – y) +C0(𝑥̇𝑥 − 𝑦̇𝑦) + α0 T 
𝑦̇𝑦 = 1

(C0+C1) [K0 (x− y) +C0 ẋ + α0 T] 

Ṫ = −λ |ẋ − ẏ|T|T|σ −1 − θ (ẋ− ẏ)|T|σ
+ A(ẋ− ẏ) 

0 a b(u) uα = α +α  

a bC (u) C C u= +
  

 

1 1a 1bC (u) C C u= +  

u̇ =  −ƞ (u − v)  ⇒  v = u+ u̇
ηƞ

 

(1) 

 
Here, Fd is the damper force, x appertains to the 

damper's piston head displacement, ẋ touches on the 
damper's piston head velocity, K0  indicates damper 
stiffness at high velocities, K1 alludes to the 
accumulator stiffness, C0 pertains to viscous damping 
at high linear velocities (the effective-voltage linear 
function with a bC ،C

 

coefficients), C1 relates to 
damping to open the branches of the force-velocity 
curve at low velocities (the effective-voltage linear 
function with 1a 1bC ،C coefficients), x0 refers to the 
primary displacement in accumulator, α0 denotes 
supplementary coefficient (the effective-voltage 
linear function with a b،α α coefficients), T implies 
auxiliary variable, y concerns domestic quasi-
displacement of the damper, u pertains to the effective 
voltage, v regards the applied voltage, η  relates to the 
post-yield viscosity of the fluid damper, u ̇ alludes to 
the velocity of voltage generation, and A, , ,σ θ λ
indicate fixed regulating factors (typically λ = θ ). 
Similarly, T, y variables are intertwined with two first 
order differential equations. The value of Parameter 
applied in 3000N MR damper are mentioned in Table 
1.  

In contrast, in explicit models, the estimation of 
the MR damper force is presented without the need to 
solve the differential equations and only as a function 
of the input current. The Yang model is an example 
of a precise explicit method in which the impacts of 
hysteresis and friction lag are considered. In this 
study, the MR damper force obtained from the Yang 
model is investigated for formulation. In the Yang's 
explicit model, the MR damper force ( i

dF ) is 
obtained as follows [17]: 

0βDα
b

ii
d

i f
γe

fDCkDF +
+

++=
±

  (2) 

d 



 

RJAV vol 18 issue 2/2021                                          78                                                        ISSN 1584-7284 

 
Table 1. The value of parameters in 3000N MR Damper for the modified Bouc-Wen model 

Parameter Value Unit Parameter Value Unit 

aC


 21 N.sec/cm aα  140 N/cm 

bC


 3.5 N.sec/cm.V bα  695 N/cm.V 

K


 46.9 N/cm λ  363 2cm−  

1aC  283 N.sec/cm θ  363 2cm−  

1bC  2.95 N.sec/cm.V A 301 ----- 

1K  5 N/cm σ  2 ----- 

x


 14.3 Cm η  190 1sec−  
 

Where iD , iD  display the relative displacement 
and velocity of the i-th floor MR damper's piston 
head, respectively. Moreover, C, k and 0f  parameter 
refer to the damping, stiffness and primary force, 
accordingly. Likewise, bf , α , β and γ  are assumed 
as the hysteresis parameters. The parameters of the 
MR damper in the Yang model, with explicit 
relationships, are dependent on applied effective 
current (i). For example, the 100N MR damper 
parameters are as follows: 

 

0.51385.481if
10.9540.0227iγ

1.4641.841iβ
0.01980.0278iα

3.137174.903if
0.09513.582i41.382ik

0.7567.1i15.761iC

0

b

2

2

+=
≅+−=

−−=
+−=
+−=

−+−=
+−=

 (3) 

It should be noted that the maximum current 
creates the damper's maximum tolerable force [18]. In 
the case of constant current, the MR damper's 
parameters will have stable values as well. Thus, Eq. 
(2) can also be considered with constant coefficients. 
On the other hand, iD refers to the displacement of 
the damper's piston head, which is equal to the 
relative displacement of the i-th floor ( iΔD ). In 

addition, iD alludes to the relative velocity of the 
damper's piston head, that is equivalent to the relative 
velocity of the i-th floor ( iDΔ  ). Hence, Eq. (2) can 
be written as follows:  

0βDα
b

ii
d

i f
1e

fDCDkF +
+

+∆+∆=
±

  (4) 

The value of iΔD  and iDΔ  can be estimated by 
the modal analysis as follows: 

 

njij ,..,2,1}Z{ΔDΔ}Z{D

}Z{ΔΔD}Z{D

j1ij1iji

j1ijij1iji

=〉〈=⇒〉〈=

〉〈=⇒〉〈=
 ϕϕ

ϕϕ
 

(5) 

 
3.THE CONTROL PROGRAM OF THE MR 
DAMPER 
 

MR dampers are proper devices for the passive, 
active, and semi-active structural control. The input, 
in these devices, is typically voltage (current), and the 
output is force. If the input voltage is constant or 
equals to zero, the MR damper will be used as a 
passive control device. By changing the voltage, the 
output force of the damper changes momentary, and 
the active control system will be obtained. If, based 
on a particular controlling program, a certain amount 
of voltage is continuously applied to the damper and 
disconnects (equals to zero), the semi-active control 
system will be availed. Most controlling programs try 
to minimize kinetic and potential energy of the system 
and maximize the energy dissipation of the structure, 
which is usually evaluated based on the system's 
responses. Consequently, this process is erroneous in 
scaled structures. The clipped optimal control 
program is one of the strongest and perfect programs 
that have always been considered by researchers. In 
clipped optimal control, if the damper force of the i-
th floor ( fi )  does not reach the optimal force �fopt� 
and be at the same direction, constant voltage (vmax) 
will be applied to the damper so that the damper force 
will be increased; 

 
 (6)   vi  = vmax H[�fopt −  fi�fi] 

 
On the other hand, the voltage will be dropped to 

zero to prevent the negative effect of the damper 
force. The program is defined by the Heaviside step 
function and is schematically displayed in Fig. 2 [5]. 
This controlling program is used here. 

Therefore, by using controlling programs, 
researchers expect that the responses of the control 
system will be minimized at any given moment and 



 

RJAV vol 18 issue 2/2021                                          79                                                        ISSN 1584-7284 

reduced the kinetic energy of the system. On the other 
hand, the damper force will reach its maximum 
capacity to increase the dissipated energy of the 
system. 

 
Figure 2. Graphical representation of clipped optimal 

control law 

Since the dissipated energy of the damper equals 
to level below force-displacement diagram, making 
the dampers reach their maximum capacity is one of 
the most important goals of the control system [7].  

 

4. THE PROPOSED METHOD TO 
DETERMINE LOCATION AND NUMBER 
OF MR DAMPERS  
 

The dynamic equilibrium equation with n degree 
of freedom is as follows: 

 
(7) [𝑀𝑀]�𝐷̈𝐷� + [𝐶𝐶]�𝐷̇𝐷� + [𝐾𝐾]{𝐷𝐷} = {𝑝𝑝(𝑡𝑡)} 

 
In Eq. (7), [𝐾𝐾] ،[𝐶𝐶]،[𝑀𝑀] and {𝑝𝑝(𝑡𝑡)} are the matrices 

of mass, damping, stiffness, and the dynamic load 
vector of the structure, respectively. Also, {𝐷𝐷}  ،�𝐷̇𝐷� 
and �𝐷̈𝐷� pertain to the vectors of displacement, 
velocity, and acceleration vectors, respectively. In the 
modal analysis, the displacement vector is defined as 
follows: 

 
(8) {D} = [φ]{Z} 

 
where [φ] and {Z} are the modal shaped matrix 

and the modal coordinates vector, respectively. Since 
the first oscillation mode has the greatest effect on the 
dynamic response, it can be written as follows [19]: 

 
(9) 11}.Z{{D} ϕ≅  

 

Therefore, the displacement of the i-th degree of 
freedom of a shear structure (Di) with n degree of 
freedom is as follows: 

 
(10) 1i1i ZD ϕ≅  i=1,2,...,n 

 
Assuming linear behavior, the maximum 

displacement of the i-th degree of freedom (Dimax) is 
obtained as follows: 

 
(11) 1maxi1imax ZD ϕ≅  

 
Where m a1Z  is the maximum modal displacement 

of the first oscillation mode of the structure. Based on 
Eq. (11), the maximum displacement of each degree 
of freedom depends on two factors including m a1Z  

and 1iϕ .  

The parameter m a1Z is constant for all degrees of 
freedom. Therefore, the maximum displacement of i-
th degree of freedom is proportional to the i-th 
element of the first modal shape ( 1iϕ ): 

 
(12) i1imaxD ϕ∝  

 
Maximum displacement is one of the most 

significant indicators for evaluating the efficiency of 
the structural control system. Maximum displacement 
usually occurs on top of the frame (Dnmax) and its 
value is, in accordance with Eq. (13), proportional to 
the n-th element of the first modal shape (𝜑𝜑n1): 

 
(13) n1nmaxD ϕ∝  

 
The n-th element of the first modal shape (𝜑𝜑n1) 

can be written as follows: 

)()(...
)()(

01111121

2,1n1,1n1,1nn1n1

ϕϕϕϕ

ϕϕϕϕϕ

−+−++

−+−= −−−  (14) 

 
By substituting Eq. (14) into Eq. (13), the 

maximum displacement will be proportional to: 
 

)]()(...
)()[(D

01111121

2,1n1,1n1,1nn1nmax

ϕϕϕϕ

ϕϕϕϕ

−+−++

−+−∝ −−−  (15) 

 
If there is a Base Isolation, then 001 ≠ϕ . Now, the 

Modal Relative Displacement index of the first 
modal shape in i-th floor ( 1Δ iϕ ) is defined as: 
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(16) 
1,1ii1i1Δ −−= ϕϕϕ  

 
Since only the effect of the first mode is 

considered, Eq. (16) can be written simply as follows: 
 

(17) 
1iiiΔ −−= ϕϕϕ  

 
Thus, the first modal displacement corresponding 

to the top floor is simplified as follows: 
 

(18) 1231nnn ΔΔΔ...ΔΔ ϕϕϕϕϕϕ +++++= −  
 

By substituting Eq. (18) into Eq. (15), the 
following result is obtained: 

(19) n

nmax n n 1 3 2 1 j
j 1

D [Δ Δ ... Δ Δ Δ ]= Δφ φ φ φ φ φ−
=

∝ + + + + + ∑  

Based on Eq. (19), the floor with the maximum 
modal relative displacement in the first mode ( iϕ∆ ) 
will have the highest effect on the top floor 
displacement. This floor has a priority for structural 
controlling and it is the most suitable place to install 
a MR damper.  

Fig. 3 shows this issue schematically. Based on the 
proposed method, any floor with the highest iϕ∆
index, has the greatest influence on the top floor 
displacement. As a result, in order to control the 
maximum top floor displacement, it is necessary to 
reduce the displacement of such floors and install MR 
dampers on there. In the other words, MR dampers 
can be installed on floors with maximum modal 
relative displacement. On the other hand, the presence 
of base isolation leads to the maximum relative 
displacement at the base of the structure (Fig. 4). 
Therefore, in such frames, the base is the best place 
to install MR damper. 

 
Figure 3. The modal displacement of shear frame without 

base isolation 

 
Figure 4. The modal displacement of shear frame with 

base isolation 

According to Eq. (10), since the first oscillation 
mode has the greatest effect on the dynamic response 
[19], Eq. (5) can be written as follows: 

 

(20) 
1i1i1i1i

1i1i1i1i

ZΔDΔZ D

ZΔΔDZD
 ϕϕ

ϕϕ

≅⇒≅

≅⇒≅
 

 
By substituting Eq. (20) into Eq. (4), it is possible 

to obtain a practical relationship for MR damper 
force, installed on the i-th floor, as follows: 

 
(21) 

0
βαΔ

b
11

d
i f

1e

f)Z(kZΔF . +
+

++=
±D

i C ϕ  

 
Eq (21) can be written as follow: 
 

(22) L)ZC(kZΔF 11i
d
i ++= ϕ  

 
where, L depends on applied effective current (i), 

only. it can be easily shown that for various MR 
dampers the L value (the hysteresis and the primary 
force) is less than 30% of the total force and the first 
part of the equation (damping and stiffness) provides 
more than 70% of its value in the maximum force of 
the MR damper. As a result, most of the damper force 
was exerted by the iϕΔ  part of the i-th floor.  

The maximum efficiency of a MR damper is 
achieved when it reaches its maximum force  [5, 7], 
so based on Eq. (22) the damper should be installed 
on floors which have the highest iϕΔ  . As a 
consequence, the dependent MR damper reaches its 
highest efficiency and force absorption if it is 
installed on floors that have the highest modal relative 
displacement; 

 

(23) )(ΔgF max
d
max i iϕ=  
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In order to employ the proposed method more 
systematically, it is necessary to categorize the 
structure's stories. Accordingly, the stories are 
classified into three groups: very weak, weak, and 
strong. The main and auxiliary dampers are connected 
to very weak and weak stories, respectively. In the 
following, the proposed classification of stories is 
presented as follows: 

 
4.1. Very weak stories 
 

In the event that the displacement is assumed 
linear in the first oscillation mode of the shear frame, 
it can be written: 

 
(24) ∆𝜑𝜑�1 = ∆𝜑𝜑�2 = ⋯ = ∆𝜑𝜑�𝑛𝑛 
(25) 𝜑𝜑𝑛𝑛 = 𝑛𝑛∆𝜑𝜑�1 

 
Therefore, the linear modal relative displacement 

of each floor (∆𝜑𝜑�) can be obtained as follows: 
 

(26) ∆𝜑𝜑� =
𝜑𝜑𝑛𝑛
𝑛𝑛

 
 

It must be underlined that the displacement of a 
real structure is non-linear. In this case, the modal 

relative displacement of upper stories is usually 
decreased and its value is much less than the linear 
modal relative displacement (∆𝜑𝜑�). As a result, the 
modal relative displacement of Eq. (26) can be used 
as a criterion to recognize very weak stories. 
Accordingly, if the modal relative displacement of a 
story (∆𝜑𝜑𝑖𝑖) exceeds the linear modal relative 
displacement (∆𝜑𝜑�), this story will be assumed as a 
very weak one; 

 
(27) ∆𝜑𝜑𝑖𝑖 ≥

𝜑𝜑𝑛𝑛
𝑛𝑛

 
 

In the case of satisfaction condition (27), main 
dampers (those suitable for very weak stories) are 
installed. It seems economical to use MR dampers on 
very weak stories. In addition, the maximum frame 
displacement can be significantly reduced by low 
cost. The more the modal relative displacement of a 
story (∆𝜑𝜑𝑖𝑖) exceeds the linear modal relative 
displacement (𝜑𝜑𝑛𝑛

𝑛𝑛
), based on Eq. (23) the damper 

endures more force and its activity increases as well 
as its efficiency. 

 
Table 1. The mass, stiffness and class of story specifications of  F1, F2, F3 three-story frames 

F3 F2 F1 
Story 

i 
Class 

of 
Story 

 
∆𝜑𝜑𝑖𝑖  

Stiffness  
(N/m) 

Mass   
(N) 

Class 
of 

Story 

 
∆𝜑𝜑𝑖𝑖  

Stiffness  
(N/m) 

Mass   
(N) 

Class 
of 

Story 

 
∆𝜑𝜑𝑖𝑖  

Stiffness  
(N/m) 

Mass   
(N) 

Weak .1924 5.16*105 964 Strong .1313 6.84*105 964 Strong .1199 6.84*105 964 3 
Very 
Weak 

.2541 6.84*105 964 Very 
Weak 

.3166 5.16*105 964 Weak .2196 6.84*105 964 2 

Very 
Weak 

.3141 6.84*105 964 Very 
Weak 

.2910 6.84*105 964 Very 
Weak 

.3736 5.16*105 964 1 

 
 
4.2. Weak stories  
 

Weak stories can be approximately identified as 
follows; 

 

(28) 
nn

n
i

n ϕϕϕ
<∆<7.0  

 
In case of stories, which conform to condition Eq. 

(28), auxiliary MR dampers (specified for weak 
stories) can be installed. It is noteworthy that 
auxiliary dampers endure less force and are more 
efficient in reducing the oscillation at top of the frame 
than the main dampers.  
 
4.3. Strong stories 
 

Strong stories can be approximately defined by 
following condition; 

 
(29) ∆𝜑𝜑𝑖𝑖 ≤ 0.7

𝜑𝜑𝑛𝑛
𝑛𝑛

 
 

The installation of MR dampers on strong stories 
is neither economical nor has much effect on reducing 
the displacement at top of the frame. Besides, the MR 
dampers installed on strong stories do not withstand 
much force.  
 
4.4. The number of MR dampers 
 

The number of MR dampers required for 
achieving the proper rate of efficiency and reducing 
the control costs can be determined based upon the 
classification provided for the structural stories. The 
appropriate number of dampers is determined in a 
way that all MR dampers applied on the story reach 
their maximum performance. Therefore, it is 
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recommended to install a MR damper on any story, 
which is very weak. On this account, the number of 
MR dampers should be equal to the number of very 
weak stories in each structure. In order to guarantee 
the stability of the numerical method of the dynamic 
analysis, the damping matrix must be positive semi-
definite. Thus, there must be as many sensors as the 
dampers, and each sensor should be installed in place 
of a MR damper [20].  
 
5. NUMERICAL EVALUATION OF THE 
PROPOSED METHOD 
 

In the previous section, a new method was 
presented for location and number of MR dampers. In 
order to run a numerical evaluation of the proposed 
solution, the oscillations of several benchmark shear 
frames are controlled with MR dampers and the 
results are compared with conventional techniques. 
To do so, the required computer program in 
MATLAB 9-3-0 accompanied by SIMULINK 
software box have been provided. This program can 
monitor the oscillations of the shear frame, applying 
MR dampers.  

In this regard, dynamic analysis was performed 
using the Newmark-β method, with a millisecond 

time-step. The proposed algorithm, in which MR 
dampers are installed on very weak stories, is marked 
with PMR- i~k, and i~k represents very weak stories.  

Furthermore, MR-i~k is applied to display other 
methodologies in which i~k alludes to the degrees of 
freedom of MR damper's installation. For instance, in 
MR-1 algorithm, a damper is installed on the first 
story, in MR-13 algorithm, two dampers are installed 
on the first and third stories, and in MR-123 
algorithm, three MR dampers are set up on the first, 
second, and third stories. 
 
5.1. Three-story frame 
 
As the first step, the efficiency of the proposed 
method is measured on a three-story shear benchmark 
frame (F1) excited by El-Centro earthquake 
[6,5,11,13]. By changing the stiffness specifications, 
the two other frames, including F2 and F3, will be 
accessible. It should be pointed out that F2 and F3 
frames are designed similar to F1 benchmark frame, 
and the only soft story in these frames is moved to the 
second and third stories, respectively. Table 2 shows 
the mass and stiffness specifications of these frames. 
Applying the proposed method, the classification of 
stories in F1, F2, and F3 frames are listed in Table 2. 

 
Table 3. The results of different MR damper algorithms for three-story frame 

𝑭𝑭𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝒅𝒅  
(N) 

𝑭𝑭𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝒅𝒅  
(N) 

𝑭𝑭𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝒅𝒅  
(N) 

Displacement 
Reduction  
Percentage 

% 

𝑫𝑫𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑 
(cm) 

𝑫𝑫𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑 
Uncontrolled 

(cm) 

Algorithm 
Of 
Location 
Of 
MRD 

 
Frame 
 

 ----  ---- 1567 70.0 .7707 

2.567 

PMR-1 

 
F1 
 
 

---- 1434 ---- 57.0 1.0844 MR-2 
1407 ---- ---- 41.5 1.5023 MR-3 
---- 1215 1436 76.6 .6012 MR-12 
1042 ---- 1499 74.2 .6618 MR-13 
1204 1406 ---- 67.4 .8382 MR-23 
977 1206 1425 80.4 .5042 MR-123 
---- ---- 1544 73.0 .8370 

3.103 

MR-1 

F2 
 

---- 1511 ---- 74.1 .8046 MR-2 
1453 ---- ---- 49.1 1.5804 MR-3 
 ---- 1329 1338 81.5 .5754 PMR-12 
1079 ---- 1488 76.4 .7338 MR-13 
1114 1490 ---- 77.0 .7146 MR-23 
1004 1310 1321 83.9 .4996 MR-123 
---- ---- 1533 76.1 .7932 

3.318 

MR-1 
 
 
F3 
 
 

---- 1421 ---- 75.1 .8292 MR-2 
1396 ---- ---- 45.0 1.8249 MR-3 
 ---- 1311 1353 84.6 .5114 PMR-12 
1139 ---- 1432 81.0 .6312 MR-13 
1200 1407 ---- 78.7 .7062 MR-23 
1085 1308 1317 86.3 .4531 MR-123 

 
As reported by Table 2, there is a very weak story 

in F1; therefore, the proposed method is performed 
using one MR damper on the first story (PMR-1). The 

damping values are represented as 

1 2 3
.sec125, 50 ( )NC C C
m

= = =  and in F2 and F3 frames, 
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by the replacement of the soft story, the maximum 
damping value was assigned to that floor as well. In 
all frames, MR dampers of 3000N type, presented in 
section 2, were used with specified value, using the 
modified Bouc-Wen model. The clipped optimal 
control program with maximum applied voltage of 
2.25 v is utilized. The maximum displacement at top 
of the frame, its reduction related to the uncontrolled 
structure and the maximum values of the MR damper 
force, for different algorithms are listed in Table 3.  
From Table 3 it is concluded that in F1 frame, the 
PMR-1 decreases the displacement at top of the frame 
by 70%. However, by placing MR damper on other 
weak or strong stories (MR-2 and MR-3), the 
efficiency of structural control method is greatly 
reduced and the damper endures less force. In the 
proposed method, the MR damper has reached its 
maximum performance. 

On the other hand, by increasing the number of 
dampers to two or three (MR-12 and MR-123), the 
efficiency of the structural control method is slightly 
improved by 6.6% and 3.8%, respectively. 
Nevertheless, the dampers, which are installed in 
strong and weak stories, endure less force and their 
efficiency does not increase significantly. The 
location and number of the required dampers are fully 
consistent with previous studies. 

In the case of F2 frame, if a damper is installed in 
a very weak story (MR-1), the displacement at top of 
the frame will be reduced by 73%, and if the same 
damper is installed on the second very weak story, the 
displacement at top of the frame will be reduced by 
74.1%. Here, the efficiency ratio is improved due to 
the modal relative displacement of the story. This 
being the case, the displacement is proportional to the 
modal relative displacement, regardless of the floor's 
position in the frame. 

According to the proposed method, if two MR 
dampers are installed on the first and second very 
weak stories (PMR-12), the efficiency of the 
structural control method will increase by 8.5%. In 
such circumstances, the second-story damper will 
have the same rate of force as the first-story damper, 
and both dampers are completely activated.  

Nonetheless, adding third damper (MR-123), the 
efficiency of the structural control method will be 
increased by 2.4% so not considerable improvement 
will be carried out. In the case of three dampers, the 
first-story and the second-story dampers are fully 
activated but the third-story damper does not reach its 
maximum force capacity. 

In F3 frame, if a damper is installed on the first 
very weak story (MR-1), the displacement at top of 
the frame will be reduced by 76.1%, and if the same 
damper is installed on the third weak story (MR-3), 
the displacement is reduced by 45%. Thus, the 

installation of a damper on a single weak story seems 
less influential. According to the proposed method, 
by installing two dampers on two very weak stories 
(PMR-12), the displacement at top of the frame 
decreases by 85% and a significant improvement is 
achieved. In this case, the second-story damper force 
is approximately the same of the first-story damper 
force and gets activated. By installing the third 
damper on the third weak story (MR-123), only 1.7% 
improvement is achieved which reduces the damper's 
influence. Obviously, the third-story damper is not 
fully activated. 

 
5.2 Six-story frame 
 

In order to evaluate the efficiency of the proposed 
method, a six-story benchmark frame with the same 
mass )(222 Nmi = and stiffness )(29700

m
Nki =

at all stories was examined. Applying the proposed 
method, the classification of stories is listed in Table 
4. Here, The damping coefficient is ξ =0.5%  and the 
dampers of 30 N are used. This frame is subjected to 
the ten percent of El-Centro ground acceleration 
record. The dampers were modeled by the Bouc-Wen 
model and the clipped optimal control program, 
considering 5 voltages. The rest of the data are 
provided in references [7].  

Table 4. The classification of stories in six-story 
benchmark frame 

6 5 4 3 2 1 
Story 
(i) 

.5507 .5187 .4565 .3678 .2578 .1327 𝜑𝜑1 

.0320 .0622 .0887 .1100 0.1251 .1327 ∆𝜑𝜑1 

Strong Strong Weak Very 
Weak 

Very 
Weak 

Very 
Weak 

Class 
of 
Story 

 
The frame was analyzed in different cases 

including three modes with single damper (MR-1, 
MR-4 and MR-6), three dampers (MR-456), four 
dampers (MR-1~4) and with six dampers (MR-1~6). 
Here, the proposed control method is PMR-123 
because there are three very weak story in this frame 
(Table 4). The results of these analyses, including the 
maximum displacement, reduction related to the 
uncontrolled frame and maximum MR damper forces 
are listed in Table 5.  

Based on Table 5, it can be concluded that by 
installing a MR damper on the first very weak story 
(MR-1), the displacement at top of the frame will be 
reduced by 32.5%. If the same damper is installed on 
the fourth weak story (MR-4) or the sixth strong story 
(MR-6), the displacement at top of the frame will be 
reduced by 20.8% and 13.4%, respectively and the 
efficiency of the structural control will be lessened, 
accordingly. 
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Table 5. The results of different MR damper algorithms for six-story benchmark frame 

MR-1~6 MR-1~4 MR-456 PMR-123 MR-6 MR-4 MR-1 Uncont. 
Story Red. 

% 
Displ. 
(cm) 

Red. 
% 

Displ. 
(cm) 

Red. 
% 

Displ. 
(cm) 

Red. 
% 

Displ. 
(cm) 

Red. 
% 

Displ. 
(cm) 

Red. 
% 

Displ. 
(cm) 

Red. 
% 

Displ. 
(cm) 

Displ. 
(cm) 

79 .282 69 .4089 38 .8123 62 .4989 13 1.137 21 1.040 33 .8866 1.3131 6 
81 .229 77 .2753 35 .7804 64 .4348 13 1.045 20 .9601 29 .8512 1.1990 5 
84 .166 82 .1879 32 .7125 66 .3574 14 .8921 24 .7921 27 .7580 1.0407 4 
84 .132 83 .1437 34 .5472 72 .2283 16 .6945 23 .6358 29 .5860 .8272 3 
83 .100 82 .1080 34 .3963 74 .1558 9 .5421 17 .4930 34 .3946 .5948 2 
80 .063 80 .0635 42 .1821 69 .0968 8 .2917 16 .2672 43 .1817 .3163 1 

23.71,23.71 
23.70,19.23 
17.32,15.21 

23.71,23.71  
23.70            

22.88,22.69 
21.61           

23.72,23.72 
23.70           

23.53           23.74           23.78             ----  𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑑𝑑 (𝑁𝑁) 

 
Since more than one damper is required to control 

the frame, the dampers force is the same in all these 
three cases. Based on the proposed method, by using 
three dampers in very weak stories (PMR-123), the 
placement at top of the frame will decrease by 62% 
that is a significant improvement, compared to the 
single damper algorithms. The location and number 
of the required dampers are fully consistent with 
previous studies. In the proposed method, all three 
dampers reach their maximum force capacity and are 
fully activated. If three dampers are installed on the 
fourth, fifth, and sixth story (MR-456), the 
displacement at top of the frame will be reduced by 
38.1%. In this case, the dampers will be less 
influential. In such circumstances, the dampers do not 
endure much force and will not be activated, 
accordingly. On the other hand, the displacement 
reduction in the case of three dampers is 
approximately the same of using single damper. It is 
observed that the damper force, installed on the sixth 
story, has been reduced to 21.61 (N) and has not 
improved much in controlling the frame. By installing 
four dampers (MR-1~4) and six dampers (MR-1~6), 
the structural control efficiency increases by 7% and 
9%, respectively, which cannot be regarded as a 
significant improvement. In such cases, the dampers 
do not endure much force and they are not activated.  

 
6. CONCLUSION 
 

In this study, a new method was proposed to 
determine the suitable location and number of MR 
dampers in the semi-active structural control. This 
method was provided based on the relative 
displacement of the first structural oscillation mode. 
For this purpose, the stories were divided into three 
groups including very weak, weak, and strong. The 
suitable locations of dampers, in compliance with the 
proposed theory, are very weak stories of the 
structure. The proposed method has been able to 
determine the number of dampers in a way that all of 
them are activated. Nonetheless, in similar studies, 

the dampers are not typically activated. The results 
obtained from the proposed method are fully 
consistent with the results of the previous studies. 
Therefore, the suitable number of MR dampers is 
equal to the number of very weak stories. Dampers 
are quite forceful in very weak stories and reach their 
force capacity thoroughly. However, having said that, 
dampers are not activated on weak and strong stories. 
On the other hand, the installation of dampers on 
strong stories has been found uninfluential, and on 
weak stories has much less effect than on very weak 
stories. As a result, it is concluded that the location 
and number of dampers in structural control only 
depends on controlling very weak stories.  
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