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Semi-active control systems effectively improve the resilience of civil structures when subject to dynamic
vibrations due to their ability to change their damping properties. In the case of semi-active fluid viscous
dampers (SAFVD), the damping coefficient quantity varies according to the tradeoff between the need to
increase the energy dissipation capabilities (i.e., increasing the damping coefficient) and the need to
decrease the applied shear forces (i.e., reducing the damping coefficient). The operation of a SAFVD device
is similar to that of a passive fluid viscous damper except that, based on the status of the control valve, it
can deliver damping at two distinct levels (two-stage) or over a wide range between an upper and lower
bound (continuously adjustable). This paper employs a continuously adjustable SAFVD assembly and
develops its optimal command voltage change at each time step, which regulates the valve that determi-
nes the fluid passing through the external path. The control strategy uses total acceleration measurement
as the system’s closed-loop feedback and utilizes the Kalman filter model to predict the sequential accel-
eration reading to cater to time delays. The solution derives from a short-horizon problem whose objec-
tive is reducing the difference between the lateral seismic inertia forces and the SAFVD forces, thus,
mitigating the columns’ resisting forces. The case study presented in this paper showcases the effective-
ness of the SAFVDs in improving the inelastic earthquake response of a 10-story frame structure.

� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Control systems are occasionally used and installed in buildings
to improve the structural system’s resilience against strong winds
and earthquakes. Resilience refers to absorbing or avoiding damage
without suffering from complete failure. The book of Soong and
Constantinou [1] introduces structural control systems’ fundamen-
tal concepts and their application in buildings. They define three
main groups of structural control systems: (i) active, (ii) semi-
active, and (iii) passive. Although around the early 90 s, extensive
analytical and experimental research has been conducted on active
control systems (e.g., [2,3,4]), considerations such as cost-
effectiveness and reliability have limited their acceptance among
civil engineers [5].

A passive control system is defined as a system that does not
require an external power source for operation. It utilizes the
structure’s motion to develop the control forces (base isolation sys-
tem, friction damper, metallic yield damper, buckling-restraint-
brace, fluid viscous dampers, etc.). Passive control systems’ appeal-
ing characteristics are their long-term reliability, stable energy dis-
sipation performance, and not require an external power supply.
Because of these attractive properties, passive control systems
have been implemented in civil structures around the world (e.g.,
[6–16]).

A semi-active control system may be defined as a system that
typically requires a small external power source for operation
and utilizes the structure’s motion to develop the control forces,
whose magnitude is to be adjusted by the external power source
[2]. Compared to an active control system, a semi-active control
system does not require a functional computer during the dynamic
excitation to run the control algorithm and actuators, which feed
on high power. Compared to a passive control system, the semi-
active control forces are generated based on feedback from sensors
rather than its motion – giving it the ability to adapt under wind
load and earthquake load and the ability to control more than
one type of dynamic response (e.g., [17–19]).
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Fig. 1. Semi-active fluid damper ensemble.
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Semi-active systems have been implemented in full-scale
experimental structures, buildings, and bridges. Ikeda [20] lists
numerous semi-active system applications for tall buildings in
Japan between 1990 and 2006. The recent review papers on control
devices by Saaed et al. [21] and Lu et al. [22] show that additional
semi-active systems have experimented on small-scale benchmark
structures. That includes the semi-active tuned mass damper,
semi-active tuned liquid damper, semi-active friction damper,
semi-active vibration absorber, adaptive stiffness device, elec-
trorheological damper, and semi-active fluid viscous damper
(SAFVDs). This paper is concerned with developing a practical algo-
rithm for SAFVDs based on acceleration measurements.

The operation of a SAFVD device is similar to that of a passive
fluid viscous damper except that, based on the status of the control
valve, it can deliver damping at two distinct levels (two-stage) or
over a wide range between an upper and lower bound (continu-
ously adjustable). The first study on a two-stage SAFVD has been
presented by Shinozuka et al. [23]. In their study, they modified
the passive device by allowing for the development of stiffness
through the removal of the accumulator. Symans et al. [24] devel-
oped a continuously adjustable SAFVD using a control valve con-
nected to an external accumulator that regulates the volume of
hydraulic fluid inside the damper. Further study on the application
and effects on the dynamic response of Symans et al. [24] SAFVD
device is provided in [25] and [26], respectively. Zhang and Agra-
wal [27] introduced a hybrid controller that combines a passive
component, which responds to the frequency of the vibration, with
a semi-active feature, which reacts to the amplitude. The experi-
mental results show that the proposed controller can reduce the
peak amplitude of the vibration by up to 80% compared to a pas-
sive controller.

Numerous researchers have developed control strategies for reg-
ulating the command voltage applied to the SAFVD of Symans et al.
[24] to adjust the fluid flow optimally. Reigles and Symans [28] uti-
lized a supervisory fuzzy logic control algorithm to derive the opti-
mal control law and used the device to reinforce elastomeric base-
isolation bearings. The control algorithm refers to the Laplace-
domain transfer function of the static and transient response under
a step function command voltage and accounts for the initial static
delay. Waghmare et al. [29] implemented the SAFVD in multistory
frame structures and used the clipped control algorithm to yield
the control law.Anotherwork is that of BakhshinezhadandMohebbi
[30], which introduces a genetic algorithm to determine the optimal
change in thedampingcoefficient. Shi et al. [31] aim to reducebridge
cables’ response to wind-induced vibrations. The developed control
scheme modifies the stiffness and damping of the cables based on
closed-loop feedback on the bridge response. Also, the control
approach uses negative stiffness as a counterintuitive approach that
involves adding a component to the system that acts in the opposite
direction to the cable displacement. This negative stiffness is com-
bined with a semi-active viscous damping system to achieve a fully
tracking active control force.

Control strategies designated to other system types can also be
utilized for SAFVD implementation. Xu et al. [32] suggest a semi-
active control strategy that adds an active isolation element that
can adjust the damping components of a passive base isolation sys-
tem in real-time based on lateral deformation. Earthquake simula-
tions show that the control strategy enhances dynamic
performance. Ying et al. [33] formulated a stochastic optimal con-
trol problem where the earthquake response and energy consump-
tion by magnetorheological damper are regulated simultaneously.
The derived optimal control law proves its effectiveness compared
to other control strategies. Vu et al. [34] utilized a nonlinear inho-
mogeneous optimal control approach, which adjusts the stiffness
and damping of the active isolation element based on the lateral
motion to the seismic load. The objective of the control strategy
2

is to minimize the structural response while minimizing the
energy consumed by the active isolation element. The earthquake
simulations demonstrate the efficacy of the algorithm in reducing
energy consumption. While all the above strategies proved effi-
cient, they are suitable for structures whose dynamic response
remains about the elastic range due to the linear-elastic equation
of motion and address stochastic noise. This paper addresses
inelastic frame structures and modifies the SAFVD regarding real-
time deterministic signals. Moreover, the methodology refers to a
short-horizon problem and uses a prediction model to cope with
the time delays.
2. SAFVD assembly

The SAFVD developed and proposed by Symans et al. [24] is
depicted in Fig. 1. The damper consists of a stainless steel cylinder
containing a piston with an orifice head and an accumulator. The
cylinder comprises thin silicone oil with a kinematic viscosity of
about 100 mm2/s. The orifice flow is subject to a passive bi-
metallic thermostat that allows stable operation of the device over
awide temperature range from�40℃ to 70℃. The SAFVD force gen-
erated results from a pressure differential across the piston head.
The orifice within the passive device utilizes specially shaped pas-
sages to alter flow characteristics with fluid speed. The force output
is proportional to the velocity of the piston head relative to the
damper housing. That results in essentially linear viscous behavior.

The damper’s semi-activity comes into play by an external fluid
flow path created by drilling two ports in the cylindrical housing
and connecting them with steel tubing and a control valve. The ori-
fice opening within the control valve determines the fluid passing
through the external path. High damping capability is when the
control valve is closed, and low damping capability is when the
control valve is open. Obtaining an intermediate level of damping
is when the control valve is positioned between open and closed.
The damping force of the SAFVD is given by:

u n; _d
� �

¼ c nð Þ _d tð Þ $ cmin � c nð Þ � cmax ð1Þ

where c is the damping coefficient, n is the command voltage,

and _d is the relative velocity of the piston head. The coefficient c
is bounded by a maximum cmax and a minimum cmin value and
may take on any matter within these bounds.

The damping characteristics of the SAFVD are generally a func-
tion of command voltage. That is demonstrated in Symans et al.
[24] for a damper experimented for valve opening under a com-
mand signal from 0 to 3 V. They suggest the following expression
for the damping coefficient:
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c nð Þ ¼ cmin þ cmax � cmin
� �

exp �angð Þ $ n tð Þ � 0 ð2Þ
where a (units: volt-g) and g are constant parameters. The

energy capabilities of the system depend on the type of hydraulic
fluid. Nevertheless, the system is sustainable for typical hydraulic
oil and requires maintenance every two decades.
3. Lateral force equilibrium

The SAFVD control scheme is formulated and developed using
the matrix equations model of inelastic frame structure under lat-
eral movements. The control strategy uses closed-loop feedback
regarding the lateral motion in the SAFVD plane; thus, the matrix
equations only refer to plane frame models. Also, it is assumed that
the service, dead, and gravitational loads applied to the ceilings
and transferred to the frame’s beams are modeled as lumped mass
at the beam’s span center. Accordingly, the lateral force equilib-
rium governing the frame structure’s movement under earthquake
excitation is expressed by:

fI tð Þ þ fR _fR; _d; t
� �

þ fD tð Þ ¼ u n; _d
� �

and :

d 0ð Þ ¼ 0
_d 0ð Þ ¼ 0

fR 0;0;0ð Þ ¼ 0

ð3Þ

where f I 2 RN is the inertia force vector, fR 2 RN is the inelastic

columns’ resisting force vector, fD 2 RN vector represents the lat-
eral force induced by the structure’s inherent damping, and
u 2 RN is the SAFVD control force vector. Eq. (3) does not refer to
an explicit load vector. Instead, in the case of earthquake excita-
tion, the effective load stems from the inertia force.

The frame structure’s lateral deformations are addressed in dis-
placement and drift coordinates. Fig. 2(a) depicts the ground dis-
placement dg , Fig. 2(b) shows the interstory drift deformations
and relative-to-ground displacements, and Fig. 2(c) illustrates the
total displacements. The interstory drift deformation between the
mass nth and the n-1 mass is denoted by dn – relating to the lateral
mass displacement vector as:

x tð Þ ¼ Td!xd tð Þ $ x tð Þ ¼
x tð Þ1
..
.

x tð ÞN

2664
3775; Td!x ¼

1 0
..
. . .

.

1 � � � 1

264
375;

d ¼
d tð Þ1
..
.

d tð ÞN

2664
3775

ð4Þ
where x 2 RN is the lateral mass displacements vector, d 2 RN is

the interstory drift deformations vector, and Td!x 2 RN � RN is the
transformation matrix from drift coordinates into displacement
coordinates. The total lateral displacement function is:

xtot tð Þ ¼ 1dg tð Þ þ Td!xd tð Þ $ ::: 1 ¼
1
..
.

1

264
375; xtot tð Þ ¼

xtot
1 tð Þ
..
.

xtot
N tð Þ

2664
3775
ð5Þ

The inertia force relates to the total acceleration applied to the

lumped masses. Denote the second time-derivates €dg tð Þ and
€xtot tð Þ 2 RN as ag tð Þ and atot tð Þ 2 RN, respectively, where ag tð Þ is
3

referred to henceforth as the ground acceleration and atot tð Þ is
the total accelerations vector. Then, according to Newton’s second
law of motion, the inertia force is:

fI tð Þ ¼ Td!xð Þ0Mxatot tð Þ ¼
f I1 tð Þ
..
.

f IN tð Þ

2664
3775

atot tð Þ ¼ 1ag tð Þ þ Td!x d tð Þ ¼
atot1 tð Þ

..

.

atotN tð Þ

2664
3775

ð6Þ

where ð Þ0 denotes the matrix transpose, and Mx 2 RN � RN is
the mass matrix in displacement coordinates. In the case of lumped
masses, Mx is diagonal and composed of the applied mass quanti-
ties. That is:

Mx ¼
m1

. .
.

mN

2664
3775 ð7Þ

Where mn is the nth story lumped mass.

c vector fR is assumed to be hysteretic so that it is equal to the

time integration of its rate _fR 2 RN. That is:

fR _fR; _d; t
� �

¼ R t
0
_fR fR; _d; s
� �

ds ¼ R t
0Kd fR; _d; s

� �
_d sð Þds

$ :::

fR _fR; _d; t
� �

¼

fR1 f
_
R
1 ;d

_

1; t
� �

..

.

fRN f
_
R
N;d

_

N; t
� �

26666664

37777775
ð8Þ

where Kd 2 RN � RN is the tangent stiffness in drift coordinates

and is assumed to be dependent on fR, d, and _d 2 RN – making the

determination and calculation of fR implicit. The inherent damping

force vector fD is defined by:

fD tð Þ ¼ Cd
_d tð Þ ¼

fD1 tð Þ
..
.

fDN tð Þ

2664
3775 ð9Þ

where Cd 2 RN � RN is a classical inherent damping matrix and
is calculated using Caughey’s classical damping equation:

Cd ¼ Md

XN
v¼1

2fxv= /v
TMd/v

� �
/v/v

T

 !
Md 2 RN � RN ð10Þ

So that xv denotes the vth mode frequency, /v 2 RN denotes the
vth mode-shape vector, and f is the inherent damping ratio. The
eigenvalues problem that derives the modal properties is:

det Md
�1Kd 0;0;0ð Þ �xv

2I
��� ��� ¼ 0 $ � � �

x1 < � � � < xv < � � �xN

ð11Þ
Md
�1Kd 0; 0;0ð Þ �xv

2I
� �

/v ¼ 0 8 v ¼ 1; � � � ;N ð12Þ

Here, the matrix I 2 RN � RN is the identity matrix and
Kd 0;0;0ð Þ 2 RN � RN represents the frame structure’s stiffness
matrix at the initial time with no stiffness and strength
degradations.
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Substituting Eqs. (6) and (9) into the lateral force equilibrium of
Eq. (3) yields the following representation for lateral force
equilibrium:

fR _fR; _d; t
� �

þ Cd
_d tð Þ � u n; _d

� �
¼ � Td!xð Þ0Mxatot tð Þ ¼ �f I tð Þ ð13Þ

The combination of Eq. (13) left-hand side forces yields the

shear force applied to the frame structure’s columns. Hence, �f I

also represents the shear force vector. Assuming the components

of Mx are known, the vector f I is measurable by using accelerome-
ter readings to get atot. The control strategy is to have the SAFVD
force vector u using the readings of atot to reduce it and, accord-
ingly, reduce the shear force applied to the columns.

The SAFVD force in vector form u is defined after Eq. (1) scalar
term and is expressed as:

u n; _d
� �

¼ �c nð Þ _d tð Þ ¼
u1 n1;

_d1

� �
..
.

uN nN;
_dN

� �
266664

377775
and :

c nð Þ ¼
c1 n1ð Þ

. .
.

cN nNð Þ

2664
3775

cn nnð Þ ¼ cmin
n þ cmax

n � cmin
n

� �
exp �a nn tð Þð Þg	 


$ cmin
n � cn nnð Þ � cmax

n ; nn tð Þ � 0

ð14Þ

Where un, cn, nn, cmin
n , and cmax

n are the nth story’s force, damping
coefficient, voltage, and min/max boundaries, respectively. This

paper’s control strategy looks to define nn to regulate �f In, for each
n ¼ 1; � � � ;N story, and result in smaller shear forces. Since the con-
trol force employs the readings of atot, the control problem
addresses a short-horizon discrete scheme to define nn at each time
step.

4. Short-horizon problem

The SAFVD control strategy minimizes the columns’ shear
forces while referring to the total acceleration and the SAFVD force
magnitudes. That is applicable through the following equality:

min fR _fR; _d; t
� �

þ Cd
_d tð Þ

n o
� min �T0

d!xMxatot tð Þ þ u n; _d
� �n o

ð15Þ
The shear forces minimization is addressed in squared form as a

short-horizon problem comprising the corresponding objective
function subject to the lateral force equilibrium and command
voltage change limitation. That is:

ð16Þ
The objective function minimizes the incremental increase in

shear forces over a short time step Dt where i represents the time

index i ¼ 0;1;2; � � � ; tfDt and a scalar/vector/matrix, for example u, at
t ¼ iDt is denoted as ui. The ith step ui and ci are defined by:
4

ui ¼ �ci _di

and :

ci ¼
c1;i

. .
.

cN;i

2664
3775

cn;i ¼ cmin
n þ cmax

n � cmin
n

� �
exp �a nn;i

� �gn o
cmin
n � cn;i � cmax

n ; nn;i � 0

9>>>>>>>>>>>>>=>>>>>>>>>>>>>;
8 i ¼ 0;1; � � � ; tfDt

ð17Þ
Eq. (16) is solved using the method of Lagrange multipliers.

Accordingly, the associated Lagrangian function:

Li ¼ Datot
i

0
QDatot

i � 2Datot
i

0
RDui þ Dui

0Dui

þk0i fRi þ fDi þ T0
d!xMxatot

i � ui

� �
8 i ¼ 1; � � � ; tfDt

ð18Þ

and the optimality conditions:

@Li
@ui

¼ �2RDatot
i þ 2Dui � ki ¼ 0

@Li
@atot

i
¼ 2QDatot

i � 2RDui þ T0
d!xMxki ¼ 0

9=; 8 i ¼ 1; � � � ; tfDt

ð19Þ
Where ki 2 RN is the Lagrange multipliers vector. The optimiza-

tion conditions of Eq. (19) lead to the following optimal change in
SAFVD force:

Dui ¼ T0
d!xMx � R

� ��1 Q � T0
d!xMxR

� �
Datot

i 8 i ¼ 1; � � � ; tfDt
ð20Þ

The ith step change in the nth story SAFVD force Dun;i is propor-
tional to the change in command voltage by the exponent term:

Dun;i ¼ cmax
n � cmin

n

� �
exp �a nn;i�1 þ Dnn;i

� �gn o�
�exp �a nn;i�1

� �gn o�
8n ¼ 1; � � � ;N

ð21Þ

Where Dnn;i is the n
th story change in command voltage at the ith

time step. Since the function of Dnn;i by Dun;i is implicit, we define
the shift in command voltage by:

Dni ¼ sign ui � Duið ÞDnmax ð22Þ
Where Dnmax is taken from Eq. (16) and represents the maxi-

mum change in command voltage for each step.
The change Dui is expressed by ith total acceleration reading atot

i

– measured by accelerometers. However, Dui and Dni are decided
and induced into the structure before atot

i occurs and measures.
Accordingly, the Kalman filter is employed to define Dni by an esti-
mation of atot

i .

5. Prediction model

The Kalman filter prediction model posterizes the next step’s
acceleration reading using the two latest known measurements.
While referring to previous acceleration quantities by Kalman fil-
ter, instead of referring to the structure’s dynamics, may provide
lower estimation, the prediction scheme is applicable under cir-
cumstances where, for example, the inelastic properties are uncer-
tain. The total acceleration evaluation uses the central difference
scheme and is of the form:

atot
i ffi atot

i�1 þ Dt
atot
i

�atot
i�2

2Dt 8 i ¼ 1;2; � � � ; tfDt & atot
�1 ¼ 0 ð23Þ

which yields the following measuring model:

zi ¼ Azi�1 þ Ez
i $ Ez

i N 0;Rzð Þ; Rz ¼ rzrz 0 ð24Þ



Fig. 2. Frame structure’s deformations and displacements: (a) ground displacement, (b) structural displacement and interstory drift deformations, (c) total displacements.

Fig. 3. Proposed Kalman filter model.
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atot
i ¼ Czi þ Ey

i $ Ey
i N 0;Ryð Þ; Ry ¼ ryry 0 ð25Þ

Here, Ez
i 2 R2N is the stochastic error regarding zi 2 R2N,

Rz 2 R2N � R2N is the covariance matrix of Ez
i , rz 2 R2N is the vari-

ance vector of Ez
i , E

y
i 2 RN is the stochastic error in the output mea-

surements of atot
i , Ry 2 RN � RN is the covariance matrix of Ey

i , and
ry 2 RN is the variance vector of Ey

i . The vector zi is defined by:

zi ¼
�atot

i�1

atot
i

� �
ð26Þ

and the matrices A 2 R2N � R2N and C 2 RN � R2N are:

A ¼ 0 I
I 2I

� �
; C ¼ 0 I½ 
 ð27Þ

The Kalman filter estimates zi and atot
i by:

bzi ¼ Abzi�1 þKi atot
i � batot

i

� �
ð28Þ

atot
i ¼ Cbzi ð29Þ

So that Ki 2 RN � RN is the ith Kalman filter gain, batot
i 2 RN

denotes the estimation of atot
i , and bzi 2 R2N denotes the estimation

of zi.
The control strategy presented above employs the Kalman filter

model in estimating the acceleration at the subsequent time step.
The proposed Kalman model corresponds to the closed-loop
scheme depicted in Fig. 3. The model does not regard the earth-
quake input directly but rather the structural response. Accord-
ingly, The Kalman algorithm corresponding to the prediction

model is employed to assess atot
i through batot

i . The algorithm con-
sists of the following two stages and five calculation steps.
5

5.1. Prediction stage

Calculate the apriori estimate bztot�
i 2 R2N by:

bztot�
i ¼ Abztot

i�1 ð30aÞ
Then, determine the apriori estimate error covariance matrix

P�
i 2 R2N � R2N:

P�
i ¼ APi�1A

0 þ Rz ð30bÞ
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5.2. Update stage

Derive the ith Kalman gain Ki using the expression:

Ki ¼ P�
i C

0 CP�
i C

0 þ Ry� ��1 ð30cÞ
Calculate the posterior estimate:

batot
i ¼ batot�

i þKi yi � Cbatot�
i

� �
ð30dÞ

Determine the posterior estimate error covariance
Pi 2 R2N � R2N

Pi ¼ I�KiCð ÞP�
i ð30eÞ

The estimation produced by the Kalman filter significantly
depends on the stochastic error covariance matrix. For example,
the smaller Rz the more the Kalman gain approaches zero. There-

fore, the posterior estimate batot
i depends on the apriori estimatebatot�

i . On the other hand, The smaller Ry the more the Kalman gain
approaches the inverse of C and the posterior estimate depends on
the measurement yi.

Substituting Eq. (20) into Eq. (22) and replacing Datot
i withbatot

i � batot
i�1, the optimal change in command voltage is defined by:

Dni ¼ sign ui � T0
d!xMx � R

� ��1 Q � T0
d!xMxR

� � batot
i � batot

i�1

� �� �� �
Dnmax

ð31Þ
And, accordingly, the ith command voltage is:

ni ¼ P 0;nmax½ 
 Dni�1 þ Dnið Þ ð32Þ
Fig. 4. SAFVD Installation scheme between two columns.

Table 1
Employed earthquake ground acceleration records.

EQ. Name Year Station Name

1 Denali (Alaska) 2002 TAPS Pump Station #1
2 Darfield

(New Zealand)

2010 GDLC
3 LINC
4 ROLC

6

Where nmax 2 RN is the maximum possible voltage vector, and
the function P 0;nmax½ 
 xð Þ represents the projection of the vector x

onto the boundaries 0; nmax½ 
 so that:

P 0;nmax½ 
 xð Þ ¼
0; ifx < 0
Dnmax; ifx > nmax

x; otherwise

8><>: ¼ max min nmax;xf g;0f g

ð33Þ
6. Case study: 10-story high-rise system

The case study deals with regulating the seismic vibrations of a
10-story rigid frame structure whose inelasticity is characterized

by the Bouc-Wen hysteretic model regarding fR. In this case study,
the hysteretic model neglects stiffness and strength degradations
and assumes that the loading curve (in the elastic regime) and
unloading curve are of identical slopes. Accordingly, the Bouc-

Wen law of fR is given by:

fR _fR ; _d;t
� �

¼akd tð ÞþR t
0 k

H fR ; _d;t
� �

_d tð Þds
and :

kH fR ; _d;t
� �

¼
kH
1 fR1 ;

_d1 ;t
� �

. .
.

kH
N fRN;

_dN;t
� �

266664
377775

kH
n fHn ;

_dn;t
� �

¼ 1�anð Þkn 1� fRn tð Þ�ankndn tð Þ
1�anð Þfyldn

� �m

0:5sign _dn tð Þ fRn tð Þ�ankndn tð Þ
� �� �

þ0:5
� �� �

ð34Þ

Where k 2 RN � RN is the diagonal stiffness matrix whose com-
ponents are the story stiffnesses k1; � � � ; kN , a 2 RN � RN is a diago-
nal matrix whose components a1; � � � ; aN define the ratio between

the stories’ plastic region stiffness and k1; � � � ; kN , kH 2 RN � RN is

the hysteretic stiffness matrix, and f yldn is the nth story shear force
at first yield. The inelastic parameters are set as follows:

m ¼ 10
an ¼ 0:1
fyldn ¼ 0:001Hnkn



8 n ¼ 1; � � � ;N

To better showcase the effectiveness of the SAFVDs, the param-
eters a1; � � � ; aN are set relatively low so that the structure requires
more support from the damping force when the resisting force is in
its plastic regime.

The SAFVD installation scheme is depicted in Fig. 4. Each span is
equipped with two devices using a chevron brace. The device is
added to a beam-column system, considering the columns can
carry additional shear forces and the span length is sufficient.
The absolute acceleration is measured by an accelerometer
mounted on the chevron brace. The accelerometer is connected
to the control valve, whose voltage commands follow the Kalman
filter estimation model and the developed control law. The SAFVD
parameters are taken from Symans et al. [24], where g ¼ 3,
Mag. Component PGA

g’s

PGV

cm/s

0 7.9 47�Az. 0.33 116
7.0 29E 0.76 116

23E 0.46 109
55 W 0.39 86



Fig. 5. Elevation scheme of 10-story high-rise system.
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a ¼ 0:4volt�3, and nmax
n ¼ 3:0volt. The maximum/minimum damp-

ing coefficients are scaled by 20 to suit the high-rise structure.
Hence, cmin ¼ 12 � 2:56 kNs

m , and cmax ¼ 12 � 17:94 kNs
m .
7

The case study examines the controlled structure under the four
earthquake ground acceleration records specified in Table 1. These
records are chosen due to their high PGV, Magnitude, and small



Fig. 6. SAFVD change in damping coefficient and command voltage for stories n = 1,5,10.

Fig. 7. Resisting shear force under no command voltage (nn ¼ 0) and active command voltage.
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sampling time-step of 0:005s. Also, regarding the prediction
model, the variance vectors are set as rz ¼ 0:021g0s and
ry ¼ 0:021g0s.

Fig. 5 depicts the elevation scheme of the addressed 10-story
frame system. The story stiffnesses are calculated while assuming
8

the columns of 4.0 m in length are clumped at both ends. The stiff-
ness quantities relate to cross-sectional areas are of 30/100, 30/90,
30/80, and 30/60 in centimeters with a modulus of elasticity of
27 � 106KPa. The stories’ mass is set as 7.5ton which provides the
following modal periods:



Fig. 8. SAFVD force under no command voltage (nn ¼ 0) and active command voltage.

Table 2
Maximum shear force (kN).

No command voltage Changing command voltage

Story EQ. (1) EQ. (2) EQ. (3) EQ. (4) EQ. (1) EQ. (2) EQ. (3) EQ. (4)

10 52 34 24 38 36 32 26 35
9 100 67 48 75 73 64 52 69
8 163 80 68 102 109 92 73 99
7 196 106 90 135 145 115 91 123
6 242 139 109 153 181 138 104 149
5 267 164 129 181 216 160 124 175
4 293 184 146 203 250 182 144 200
3 335 218 166 215 283 202 165 225
2 364 238 181 237 315 220 185 252
1 395 253 194 254 340 240 206 275
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Tv ¼ 2p
xv

¼

v ¼ 1; 1:0s ; v ¼ 6; 0:079s

v ¼ 2; 0:29s ; v ¼ 7; 0:067s

v ¼ 3; 0:16s ; v ¼ 8; 0:059s

v ¼ 4; 0:12s ; v ¼ 9; 0:052s

v ¼ 5; 0:10s ; v ¼ 10; 0:045s

8>>>>>>>><>>>>>>>>:
Fig. 6 simulates the change in damping ratio and command

voltage under the four earthquake records regarding stories 1, 5,
and 10. The four seismic simulations exemplify how the solution
of the short horizon in 4 reduces the damping coefficient in the
lower stories to reduce the shear forces. Figs. 7 and 8 compare
the hysteretic resisting forces and SAFVD forces at the 1, 5, and

10 stories (i.e., f R1, f
R
5, f

R
10, u1, u5, u10)with and without changing

command voltage. It is exemplified how the SAFVD force in the
first story reduces. The overall maximum shear forces in each sim-
ulation and story are specified in Table 2.
9

Fig. 9 compares the total acceleration at stories 1, 5, and 10
under no command voltage and under the effects of inducing com-
mand voltage. Indeed, the reduction in acceleration response fol-
lows its correlation with the shear forces, according to Eq. (13).
Table 3 specifies the maximum total acceleration with and without
changing command voltage. Regarding the total acceleration, the
performance of the prediction model developed in 5 is demon-
strated in Fig. 10, which shows that the absolute error does not
surpass half of the variance value. It might be worth noting that
since the measurement noise is simulated using a random array,
the plot in Fig. 10 is not a continuous line.

In essence, the SAFVD control strategy looks to reduce the
damping coefficient optimally. Consequently, the energy dissipa-
tion capabilities of the frame system are deterred and the deforma-
tions increase. Fig. 11 exemplifies how the input energy increases
when the control strategy takes effect due to the more significant
interstory drifts. The maximum interstory drifts are given in
Table 4.



Fig. 9. Total acceleration under no command voltage (nn ¼ 0) and active command voltage.

Table 3
Maximum total acceleration (g’).

No command voltage Changing command voltage

Story EQ. (1) EQ. (2) EQ. (3) EQ. (4) EQ. (1) EQ. (2) EQ. (3) EQ. (4)

10 0.64 0.39 0.28 0.46 0.49 0.43 0.35 0.47
9 0.63 0.39 0.28 0.45 0.49 0.43 0.35 0.47
8 0.63 0.39 0.28 0.45 0.49 0.39 0.30 0.41
7 0.62 0.38 0.28 0.44 0.50 0.35 0.28 0.39
6 0.61 0.38 0.28 0.43 0.50 0.33 0.28 0.38
5 0.60 0.38 0.28 0.41 0.48 0.31 0.28 0.37
4 0.60 0.38 0.28 0.39 0.46 0.30 0.28 0.36
3 0.63 0.39 0.29 0.38 0.48 0.31 0.28 0.36
2 0.65 0.40 0.30 0.36 0.54 0.31 0.29 0.38
1 0.71 0.42 0.34 0.34 0.57 0.35 0.31 0.34
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7. Conclusions

This paper develops a new strategy for controlling SAFVDs to
reduce the shear forces applied to the columns of frame structures
during seismic vibrations. The simulated closed-loop control feed-
back is the total acceleration measured by accelerometers placed
on a chevron brace between columns. Since the acceleration read-
ings correspond to the SAFVD plane, the development regards
plane frame models. Still, the control law is also relevant to struc-
tures of irregular floor-plane (three-dimensional structures with
torsional behavior). The concept of modifying and reducing the
SAFVD damping coefficient is effective in lowering accelerations
and applied shear forces. On the other hand, the interstory drifts
slightly increase due to lower damping energy dissipation.

The proposed Kalman filter model predicts the sequential accel-
eration to cater to time delays and is modified to receive only the
last two measurements to perform numerical integration. Hence, it
does not require knowing the uncertainties regarding the frame
structure (e.g., inelastic properties, inherent damping properties).
10
While evaluating the subsequent time step’s acceleration using
more than two measurements may provide better accuracy, the
proposed Kalman filter model corresponds to a state space formu-
lation suitable for only the last two measurements. The case study
shows that using the previous two measurements yields an error in
the order of Dt2.

The optimal change in command voltage is the solution to a
short-horizon minimization problem. The objective function is
the difference between the seismic inertia force and the SAFVD
force, which equals the resisting forces produced by the columns.
The Lagrange multiplier method yields the optimal conditions,
leading to the optimal incremental time change in the SAFVD force.
The relation between the change in SAFVD force and the change in
command voltage is implicit. Thus, an alternative relationship is
proposed based on the voltage change limit at each time step.
The SAFVD effectiveness is exemplified by this paper’s case study,
which addresses a 10-story high-rise frame system. The case study
demonstrates the efficacy of SAFVDs in reducing the maximum
shear forces and total accelerations.



Fig. 10. The error of estimation of total acceleration using the prediction model.

Fig. 11. Input energy under no command voltage (nn ¼ 0) and active command voltage.
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Table 4
Maximum relative interstory drifts.

No command voltage Changing command voltage

Story EQ. (1) EQ. (2) EQ. (3) EQ. (4) EQ. (1) EQ. (2) EQ. (3) EQ. (4)

10 0.20% 0.12% 0.13% 0.14% 0.19% 0.13% 0.14% 0.15%
9 0.39% 0.25% 0.27% 0.27% 1.32% 0.72% 0.51% 1.09%
8 0.39% 0.21% 0.23% 0.28% 0.60% 0.40% 0.30% 0.45%
7 0.57% 0.28% 0.31% 0.38% 1.46% 0.77% 0.40% 1.20%
6 0.56% 0.29% 0.29% 0.37% 0.53% 0.32% 0.30% 0.44%
5 0.77% 0.35% 0.35% 0.47% 0.72% 0.38% 0.37% 0.57%
4 0.99% 0.39% 0.42% 0.58% 0.94% 0.42% 0.44% 0.70%
3 0.88% 0.38% 0.36% 0.50% 0.82% 0.40% 0.37% 0.63%
2 1.09% 0.42% 0.41% 0.61% 2.62% 1.04% 0.56% 1.89%
1 1.30% 0.46% 0.47% 0.71% 3.14% 1.24% 0.82% 2.32%
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