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Te integration of structural identifcation and vibration optimal control has been studied. Since the semiactive optimization
vibrational control of civil structures needs to be implemented by massive control devices such as mass dampers, it is necessary to
investigate the real-time integration of identifcation and semiactive optimization vibration control for mass damper-building
combined systems. However, there is a lack of such studies in the literature. In this paper, a methodology is presented for real-time
integration of identifcation and semiactive optimization vibration control of the mass damper-building combined system under
known/unknown seismic excitations. For the combined system under known seismic excitations, the identifcation is imple-
mented by the extended Kalman flter (EKF) using only partial structural acceleration responses.Te identifed structural state and
parameters of mass damper-building systems are integrated in real time for the optimal control of systems by the linear-quadratic
regulator (LQR) control algorithm and the Hrovat semiactive optimization control strategy via semiactive optimization mass
dampers (SAMD). Ten, it is extended to the scenario of unknown seismic excitations. Te partially measured structural ac-
celeration responses are absolute ones in this case, so the generalized extended Kalman flter with unknown input (GEKF-UI)
developed by the authors is used to identify the structural input-state parameters of themass dampers-building combined systems.
Te identifcation results are also integrated in real time for the semiactive optimization control of the combined system via
SAMD. Two numerical simulation examples are used to test the proposed integration methods. It is shown that the proposed
integration methods can reach almost the same optimal control efects as the conventional semiactive optimization control with
known parameters of the mass damper-building combined systems under known/unknown seismic excitations.

1. Introduction

Severe external excitations such as seismic actions or wind
loads produce adverse vibration responses to structures, so
health monitoring and vibration control of structures under
such severe excitations have been widely concerned [1–4]. In
order to realize structural optimal vibration control,
structure state and parameters need to be identifed. At the
same time, structural health monitoring (SHM) systems and
vibration control systems are also two important compo-
nents for smart structures [5, 6]. Terefore, it is essential to

integrate structural health monitoring and structural vi-
bration control techniques for structural safety, reliability,
and intelligence.

In the past decades, some studies have been conducted
on the integration of SHM and vibration control. Gattulli
and Romeo [7] proposed an adaptive active control ap-
proach for MDOF linear structures by combining the sliding
mode control with errors tracking-based damage detection;
Sun and Tong [8] identifed the debonding of piezoelectric
actuator patches in controlled structures based on the fre-
quency shift. Yang et al. [9] experimentally studied the
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integration method by using a controlled 3-story aluminum
frame, where stifness reduction was used to model the
structural damage. Te authors [10] also proposed an ex-
tended Kalman flter (EKF)-based algorithm for detecting
abrupt damage, and the updated model was then online
integrated with the structural active control algorithm. Te
above studies mainly focused on integrating system iden-
tifcation with structural active control schemes, which re-
quire large external energy inputs. Chen et al. [11] and
Huang et al. [12] studied the integration of structural system
identifcation and semiactive optimization control by
semiactive optimization friction dampers in time and fre-
quency domains, respectively. However, the most studies
mentioned above require a lot of knowledge of structural
parameters and external excitations.

In practical applications, it may be hard to precisely
measure external excitations. Terefore, there are meth-
odologies for the integrated structural system identif-
cation and vibration control under unknown excitation.
He et al. [13, 14] investigated the synthesis, identifcation,
and vibration control of structures with unknown inputs.
Xu et al. [5] also explored the integration of health
monitoring and vibration control for smart building
structures with time-varying structural parameters and
unknown excitation. Te authors [15] proposed a general
synthesis of identifcation and vibration control of
building structures under unknown excitations and
presented the integration of identifcation and vibration
control of time-varying structures subject to unknown
seismic excitations [16].

Especially, structural semiactive optimization control
has energy efciency, multimode control, active adaptability,
impact resistance, adjustability, and fexibility in the
structural vibration control [3, 17, 18]. Terefore, the in-
vestigation of integrated structural health monitoring and
semiactive optimization control of structures has attracted
many scholars, e.g., Xu and Chen [19, 20] proposed the
integrated system of vibration control and health moni-
toring based on semiactive friction dampers to achieve
model updating, seismic response control, and damage
detection of building structures. Simon and Okyay [21]
investigated a vibration control algorithm with variable
stifness-tuned mass dampers combined with a nonlinear
system identifcation method for the control of multistory
shear frame structures which exhibit abrupt stifness deg-
radations. Since the semiactive optimization control of civil
structures needs to be implemented by massive control
devices such as mass dampers, it is necessary to investigate
the real-time integration of identifcation and semiactive
optimization control for mass damper-building combined
systems. However, there is a lack of such study, in the lit-
erature. Chang et al. [22] presented an algorithm for pa-
rameter identifcation of active mass damper (AMD) or
tuned mass damper (TMD)-building coupled systems using
acceleration measurements, but full measurements of
structural acceleration responses are required [23]. Kang
et al. [24] evaluated the dynamic performance of the TMD
under a typhoon using system identifcation. Te TMD-
structure system is assumed to be a two degrees of freedom

model, and the natural frequency of the TMD and structure
is estimated according to the frequencies of the coupled
system without considering damping.

Tis paper aims at presenting a method of real-time
integration of identifcation and semiactive optimization
control for mass damper-building combined systems under
known/unknown excitations. First, the integrated identif-
cation of mass damper-building combined systems and
semiactive optimization control under known seismic ex-
citation is studied. Te identifcation of mass damper-
building combined systems is implemented by the ex-
tended Kalman flter (EKF) using partial structural accel-
eration responses, and the identifcation results are
integrated in real time with the optimal semiactive opti-
mization control of structural systems. Ten, it is extended
to investigate the integrated identifcation of mass damper-
building combined systems and semiactive optimization
control under unknown seismic excitation. In this case, the
generalized extended Kalman flter with unknown input
(GEKF-UI), recently proposed by the authors, is used to
identify the input-state parameters of the mass damper-
structure combined systems and integrated in real time with
the optimal semiactive optimization vibration control of
structures by semiactive optimization mass damper
(SAMD). Numerical simulation examples are used to test the
proposed methods.

Te rest of this paper is organized as follows: Section 2
frst presents the identifcation methods for semiactive
optimization mass damper-building combined systems
under known/unknown excitation, respectively, and then
shows the real-time integration with structural semiactive
optimization vibration control. Section 3 validates the
proposed methods through numerical simulation work with
a multistory shear frame under seismic excitations. Finally,
Section 4 discusses the research conclusions.

2. The Proposed Methodology

Tis paper aims at providing methodology for the integrated
identifcation of mass damper-building combined systems
and vibration control under known/unknown seismic ex-
citations. As shown in Figure 1, a semiactive mass damper
(SAMD) is installed in a n-story building structure to reduce
its vibration response under seismic excitation €xg(t).

Te equation of motion of the mass damper-building
combined system under seismic excitation can be expressed
as follows:

M€x(t) + C _x(t) + Kx(t) � −MIg€xg(t) + ηc
u(t), (1)

where x is the displacement vector relative to the ground
motion, x � [x1 x2· · ·xn xs]

T, xi and xs are the displacement
of the i-th foor building and the SAMD relative to the
ground, respectively, M, C, and K are the mass, damping,
and stifness matrices of the damper-building combined
system, respectively, Ig is the infuence vector of the seismic
excitation €xg(t), and u(t) is the control force of the SAMD
with location vector ηc.

For a mass damper-shear building combined system,
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M �
m mT

a

ma ms

⎡⎣ ⎤⎦;C �
c cT

a

ca cs

⎡⎣ ⎤⎦;K �
k kT

a

ka ks

⎡⎣ ⎤⎦, (2)

in which, m, c, and k are the mass, damping, and stifness
matrices of the building structure, respectively, ms, cs, and ks

are the mass, damping, and stifness parameters of the
SAMD, respectively; ma, ca, and ka are the mass, damping,
and stifness matrix of the main structure coupled with the
SAMD, respectively,

ma � [0 0 · · · 0]1×n; ca � 0 0 · · · − cs · · · 0􏼂 􏼃1×n; ka � 0 0 · · · − ks · · · 0􏼂 􏼃1×n. (3)

2.1. Identifcation of SAMD-Building Combined Systems un-
der Known Seismic Excitations. For the SAMD-building
combined structural system under known seismic excita-
tion, the extended Kalman flter (EKF) can be used to
identify the structural state and parameters of the combined
system using partial measurements of acceleration responses
relative to the ground motion €xg.

Te extended state vector of the SAMD-building com-
bined system is expressed as Z � [x _x θ]T, where θ denotes
the vector of the unknown parameters, including the
damping and stifness parameters of the main structure and
the SAMD. Ten, equation (1) can be expressed in the state
equation as follows:

_Z �

_x

€x
_θ

⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭
�

_x

M−1
−MIg€xg + ηc

u − C _x − Kx􏼐 􏼑

0

⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭

�

_x

−M− 1
(C _x + Kx)

0

⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭
+

0

−Ig

0

⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭
€xg +

0

M−1ηc

0

⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭
u

� g(Z) + B€xg + Bc
u.

(4)

Since the ground acceleration €xg(t) is known, some
structural relative acceleration responses can be measured so
that the observation equation can be expressed as:

ks

cs

ms u

i-th floor

gx

Figure 1: A SAMD-building combined system under seismic excitations.
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y � La€x � LaM
− 1

(−C _x − Kx) + Ig€xg + ηc
u􏽨 􏽩

� h(Z) + D€xg + Dc
u,

(5)

where y is the observation vector and La denotes the ac-
celerometer location matrix.

Based on the state equation of equation (4) and the
observation equation of equation (5), the extended Kalman
flter (EKF) method is used to identify the damper-building
combined system.

First, the prediction of the extended state vector is de-
rived based on equation (4) as follows:

􏽥Zk+1|k � 􏽢Zk|k + 􏽚
(k+1)∆t

k∆t
g 􏽢Zt|k􏼐 􏼑 + B€xg,t|k + Bc

􏽢uk|k􏽨 􏽩dt, (6)

and the predicted error matrix is given by

􏽥Pk+1|k � Φk|k
􏽢Pk|kΦ

T
k|k + Qk, (7)

in which, Φk|k ≈ I + ∆tGk|k and I is the identity matrix,
Gk|k � zg(Z)/zZ|Z � 􏽢Zk|k, and Qk is the state error co-
variance matrix.

Ten, the extended state vector is corrected/estimated
using the observation equation of equation (5) as follows:

􏽢Zk+1|k+1 � 􏽥Zk+1|k + Kk+1 yk+1 − h 􏽥Zk+1 k|􏼐 􏼑 − D€xg,k+1 − Dc
􏽢uk|k􏽨 􏽩, (8)

and Kk+1 denotes the Kalman gain matrix, which can be
expressed as follows:

Kk+1 � 􏽥Pk+1|kH
T
k+1|k Hk+1 k|

􏽥Pk+1|kH
T
k+1 k| + Rk+1􏼐 􏼑

− 1
, (9)

in which, Hk+1|k � zh(Z)/zZ|Z � 􏽥Zk+1 k| and Rk+1 is the
observation noise covariance matrix.

Te estimated error matrix is given by

􏽢Pk+1|k+1 � I − Kk+1Hk+1|k􏼐 􏼑􏽥Pk+1|k I − Kk+1Hk+1|k􏼐 􏼑
T

+ Kk+1Rk+1K
T
k+1.

(10)

2.2. Identifcation of SAMD-Building Combined Systems
under Unknown Seismic Excitation. In this case, the seismic
ground acceleration €xg(t) is unknown. Te relative accel-
eration response of the building structure cannot be mea-
sured, and the observation equation is for structural absolute
acceleration responses.Terefore, there is no direct feedback
of the unknown input €xg(t) in the observation equation, and
the generalized Kalman flter with unknown input (GEKF-
UI), which was recently proposed by the authors [15, 16, 25],
is adopted herein for the identifcation. Moreover, some
measurements of structural interstory displacements are also
used to avoid the “drift” problem in the identifcation results
[16, 25]. Terefore, the observation equation is written as
follows:

y �
La€xa

Ldd
􏼨 􏼩

�
−LaM

− 1
(C _x + Kx)

LdTx

⎧⎨

⎩

⎫⎬

⎭ +
LaM

−1ηc

0

⎧⎨

⎩

⎫⎬

⎭u � h(Z) + Dc
u,

(11)

where €xa � €x + €xg is the absolute acceleration response
vector while d denotes the interstory displacement vector; La

and Ld are the corresponding sensor location matrices; and
T represents the conversion matrix between the interstory
displacement and relative displacement.

First, g(Zk) in equation (4) can be linearized at Zk � 􏽢Zk|k

by the Taylor series expansion to the frst order as follows:

g Zk( 􏼁 � g 􏽢Zk|k􏼐 􏼑 + Gk|k Zk − 􏽢Zk|k􏼐 􏼑, (12)

in which, 􏽢Zk|k denotes the estimated Zk with the mea-
surements (y1, y2, . . ., yk); Gk|k � zg(Z)/zZ|Z � 􏽢Zk|k.

Similarly, the observation equation equation (11) is
linearized as follows:

yk+1 � Hk+1|kZk+1 + Dc
uk+1 + hk+1|k + vk+1, (13)

in which Hk+1|k � zh(Zk+1)/zZk+1|Zk+1 � Zk+1|k and
hk+1|k � h(Zk+1|k) − Hk+1|kZk+1|k

Here, Zk+1|k can be estimated from equation (4) based on
the zero-order hold sampling (ZOH), in which the seismic
excitation €xg(t) is assumed constant with a sampling in-
terval as follows:

Zk+1|k � 􏽢Zk|k + 􏽚
(k+1)∆t

k∆t
g 􏽢Zk|k􏼐 􏼑 + B􏽢€xg,k|k + Bc

uk|k􏽨 􏽩dt. (14)

Since there is no direct feedback of the unknown input
€xg(t) in the observation equation, the frst-order hold
(FOH) sampling is used for the unknown seismic excitation
€xg(t) in equation (4). Tus, equation (4) is discretized as
follows:

Zk+1 � AkZk + Bu
k €xg,k + Bu

k+1€xg,k+1 + Bc
kuk + gk|k + wk,

(15)

4 Structural Control and Health Monitoring
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in which, Ak � eGk|k∆t; gk|k � (Ak − I)(Gk|k∆t)− 1[g(􏽢Zk|k)

−Gk|k
􏽢Zk|k]∆t;

Bu
k � Ak − Ak − I( 􏼁 Gkk∆t( 􏼁

− 1
􏽨 􏽩 Gk|k∆t􏼐 􏼑

− 1
(BΔt);

Bu
k+1 � Ak − I( 􏼁 Gk|k∆t􏼐 􏼑

− 1
− I􏼔 􏼕 Gk|k∆t􏼐 􏼑

− 1
(B∆t)

Bc
k � Ak − I( 􏼁 Gk|k∆t􏼐 􏼑

− 1
Bc∆t( 􏼁,

(16)

and wk denotes the process error assumed as zero mean and
covariance matrix Qk. Since some rows in the partial der-
ivation zg(Z)/zZ|Z � 􏽢Zk|k matrix, the moore-Penrose
pseudoinverse is adopted here for the term (Gk|k∆t)− 1 and
the function pinv in MATLAB is used to execute the
pseudoinverse in this paper.

Ten, the extended structural state and unknown seismic
excitation can be identifed by the following steps based on
the GEKF-UI method, while derivation details can be found
in reference [15]:

(1) Te estimation of the unknown seismic excitation
􏽢€xg,k+1 and the Kalman gain matrix Kk+1

􏽢€xg,k+1|k+1 � Sk+1 yk+1 − Hk+1 k| Ak
􏽢Zk|k + Bu

k
􏽢€xg,k|k + gk|k) − Dc

uk|k − hk+1 k| ],􏼐􏽨 (17)

Sk+1 � Hk+1 k| B
u
k+1 + Du

􏼐 􏼑
T 􏽥R− 1 Hk+1 k| B

u
k+1 + Du

􏼐 􏼑􏼔 􏼕
− 1

Hk+1 k| B
u
k+1 + Du

􏼐 􏼑
T 􏽥R− 1

, (18)

􏽥R− 1
� Hk+1 k|

􏽥PZp
k+1 k| H

T
k+1 k| + Rk+1􏼒 􏼓

− 1
, (19)

Kk+1 � 􏽥PZp
k+1|kH

T
k+1|k Hk+1

􏽥PZp
k+1 k| H

T
k+1 k| + Rk+1􏼒 􏼓

− 1
. (20)

Te covariance matrix 􏽥PZp
k+1|k can be derived as

follows:

􏽥PZp
k+1|k � E 􏽥eZpk+1 k|􏼐 􏼑 􏽥eZpk+1 k|􏼐 􏼑

T
􏼔 􏼕

� Ak Bk􏼂 􏼃

􏽢PZ
k|k

􏽢PZf
k|k

􏽢PfZ
k|k

􏽢Pf
k|k

⎡⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎦

AT
k

BT
k

⎡⎢⎣ ⎤⎥⎦ + Qk.

(21)

(2) Te prediction and estimation of the extended stat
vector are

􏽥Zk+1|k � Ak
􏽢Zk|k + Bu

k
􏽢€xg,k|k + Bu

k+1
􏽢€xg,k+1|k+1 + Bc

kuk|k + gk|k, (22)

􏽢Zk+1|k+1 � 􏽥Zk+1|k + Kk+1 yk+1 − Hk+1 k|
􏽥Zk+1 k| − Dc

uk|k− hk+1 k|􏽨 􏽩. (23)

Diferent from the estimated Zk+1|k in equation (14),
􏽥Zk+1|k in equation (22) is estimated from the linearized state
equation of equation (15). Te corresponding covariance
matrices can be derived as follows:

Structural Control and Health Monitoring 5
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􏽢Pf
k+1|k+1 � E 􏽢efk+1|k+1􏼐 􏼑 􏽢efk+1|k+1􏼐 􏼑

T
􏼔 􏼕 � Sk+1 Hk+1 k| P

⌢Z
k+1 k| H

T
k+1 k| + R􏼒 􏼓ST

k+1, (24)

􏽢PZf
k+1|k+1 � 􏽢PfZ

k+1|k+1􏼒 􏼓
T

� E 􏽢eZk+1|k+1􏼐 􏼑 􏽢efk+1|k+1􏼐 􏼑
T

􏼔 􏼕 � − Kk+1 Hk+1 k| Bk+1 + D􏼐 􏼑 − Bk+1􏽨 􏽩􏽢Pf
k+1|k+1, (25)

PZ
k+1|k+1 � E 􏽢eZk+1|k+1􏼐 􏼑 􏽢eZk+1|k+1􏼐 􏼑

T
􏼔 􏼕

� I − Kk+1Hk+1 k|􏼐 􏼑􏽢PZ
k+1|k + Kk+1 Hk+1 k| Bk+1 + Du

􏼐 􏼑 − Bk+1􏽨 􏽩􏽢Pf
k+1|k+1 Kk+1 Hk+1 k| Bk+1 + Du

􏼐 􏼑 − Bk+1􏽨 􏽩
T
.

(26)

2.3. Real Time Integration with Semiactive Optimization Vi-
bration Control Algorithm. In this paper, the linear-
quadratic regulator (LQR) control algorithm is adopted
for the optimal vibration control of the system. Ten, the
optimal active control force is determined by

u
lqg

� −GZc
, (27)

where Zc � [x _x]T is structural state vector;G � RcETP is the

optimal control force feedback matrix; E �
0

M− 1ηc􏼢 􏼣. Here,

P can be derived by solving the following Riccati equation:

PHc
+ Hc

( 􏼁
TP − PE Rc

( 􏼁
− 1

(E)
TP + Qc

� 0, (28)

where Hc �
0 I

−M− 1K −M− 1C􏼢 􏼣; Qc and Rc are two

weighting matrices of the LQG control performance index

[3]. In this paper, they are selected as

Qc � α K 0
0 C􏼢 􏼣and Rc � βI.

With the identifed results of input-parameters-state of
the SAMD-building combined system in Sections 2.1 and
2.2, optimal vibration control of the combined system can be
integrated in real time. Te optimal active control force is
determined from equation (27) by

􏽢u
lqg

k+1|k+1 � −Gk+1
􏽢Zc

k+1|k+1, (29)

where 􏽢Z
c

k+1|k+1 � [􏽢xk+1|k+1
􏽢_xk+1|k+1]

T, Gk+1 is the feedback
matrix of control force determined by

Gk+1 � RcETPk+1, (30)

and Pk+1 is the solution of the Riccati equation as follows:

Pk+1H
c
k+1 + Hc

k+1( 􏼁
TPk+1 − Pk+1E Rc

( 􏼁
− 1

(E)
TPk+1 + Qc

k+1 � 0,

(31)

where

Hc
k+1 �

0 I

−M− 1K 􏽢θk+1|k+1􏼐 􏼑 −M− 1C 􏽢θk+1|k+1􏼐 􏼑
⎡⎣ ⎤⎦;Qc

k+1 � α
K 􏽢θk+1|k+1􏼐 􏼑 0

0 C 􏽢θk+1|k+1􏼐 􏼑

⎡⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎦. (32)

Furthermore, for the semiactive optimization vibration
control with MR damper, the semiactive optimization
control force is determined by [15, 16]

u(t) � c _y(t) + fdysgn[ _y(t)], (33)

where c and fdy are the viscous damping coefcient and the
adjustable coulomb damping force of the MR damper, re-
spectively, and _y(t) is the relative velocity of the MR
damper.

By using the estimated state values at time instant (k+ 1)
∆t, the Hrovat semiactive control strategy is adopted to
realize the transformation from optimal active control force
to semiactive optimization control force according to [15,
16]:

􏽢uk+1|k+1 �

c􏽢_yk+1|k+1 + f
max
dy sgn 􏽢_yk+1|k+1􏽨 􏽩,

􏽢u
lqg

k+1|k+1

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌sgn 􏽢_yk+1|k+1􏽨 􏽩,

c􏽢_yk+1|k+1 + f
min
dy sgn 􏽢_yk+1|k+1􏽨 􏽩,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

􏽢u
lqg

k+1|k+1 · 􏽢_yk+1|k+1 < 0 and 􏽢u
lqg

k+1|k+1

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌> 􏽢u
max
k+1|k+1,

􏽢u
lqg

k+1|k+1 · 􏽢_yk+1|k+1 < 0 and 􏽢u
lqg

k+1|k+1

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌< 􏽢u
max

k+1|k+1
,

􏽢u
lqg

k+1|k+1 · 􏽢_yk+1|k+1 > 0,

(34)
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where fmax
dy and fmin

dy � 0 denote the maximum and mini-
mum coulomb damping forces, respectively,
􏽢umax

k+1|k+1 � c|􏽢_yk+1|k+1| + fmax
dy is the maximum damping force

provided by the MR damper, 􏽢u
lqg

k+1|k+1 is the desirable optimal
control force obtained from LQR control algorithm, c and
fmax

dy are the two constants related to the MR damper device,
which can be determined based on the relevant design
approach [15, 16], and 􏽢_yk+1|k+1 is the estimated relative
velocity of MR damper, which can be obtained from the
estimated state vector 􏽢Zk+1|k+1 in equation (8) or
equation (23).

In summary, the fowchart of the proposed real-time
integration of identifcation and semiactive optimization
vibration control for mass damper-building combined

systems under known/unknown seismic excitations is
shown in Figure 2.

3. Numerical Simulation Validations

As shown in Figure 3, a ten-story shear frame structure
equipped with a SAMD using a magnetic rheology damper
(MR) on the top foor is used. Te parameters of the SAMD-
frame combined system are shown in Table 1. Te frame is
excited by the EI-Centrol earthquake.

For the SMAD-shear frame combined system, the mass,
damping, and stifness matrices of the system can be con-
structed from equations (2) and (3) as follows:

M �

m1 0 · · · 0 0

0 m2 ⋱ ⋮ 0

⋮ ⋱ ⋱ 0 ⋮

0 · · · 0 m10 0

0 0 · · · 0 ms

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

;C �

c1 + c2 −c2 · · · 0 0

−c2 c2 + c3 ⋱ ⋮ 0

⋮ ⋱ ⋱ −c10 ⋮

0 · · · −c10 c10 + cs −cs

0 0 · · · −cs cs

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

;K �

k1 + k2 −k2 · · · 0 0

−k2 k2 + k3 ⋱ ⋮ 0

⋮ ⋱ ⋱ −k10 ⋮

0 · · · −k10 k10 + ks −ks

0 0 · · · −ks ks

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (35)

It should be mentioned that the mass coefcients mi and
ms are assumed known, while the damping and stifness
coefcients ci, ki, cs, and ks are unknown.Te initial values of
the unknown parameters are selected as 80% of their real
values in implementing the EKF or GEKF-UI algorithm.

Te LQR control algorithm is used for the optimal active
control force ulqg, and the two control coefcients α and β in

equation (28) are set as α � 50 and β � 10− 2 for the fol-
lowing two cases.

To evaluate the control performance, two sets of per-
formance indicators are used [26]. Te frst set of indicators
contains the peak and RMS ratios based on interstory dis-
placement (J1 and J3), the peak and RMS ratios based on
absolute acceleration response (J2 and J4), expressed as
follows:

J1 �
maxt,j dxi(t)

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌/hi

δmax􏼨 􏼩; J2 �
maxt,j xai(t)

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌

€x
max
a

􏼨 􏼩; J3 �
maxt,j dxi(t)

����
����/hi

δmax����
����

􏼨 􏼩; J4 �
maxt,j xai(t)

����
����

€x
max
a

����
����

􏼨 􏼩, (36)

in which, dxi(t) represents the i-th interstory displacement
of the controlled structure; hi indicates the level i-story
height; δmax represents the maximum interstory displace-
ment ratio of the uncontrolled structure; €xai is absolute
acceleration response of story i-th controlled structure; €xmax

a

is the maximum acceleration response of the uncontrolled
structure; the RMS values in J3 and J4 can be gain by
‖∙‖ �

�������������

(1/tf) 􏽒
tf

0 [∙]2dt
􏽱

; maxt,j denotes the maximum
across all foors at al time points.

Te second set of performance indicators are related to
the performance of the control device. In this paper, only the
peak-based control force is selected, which is expressed as
follows:

J5 �
maxt,j fi(t)

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌

W
􏼨 􏼩, (37)

in which, fi(t) is the control force provided by the control
equipment in the i-th story; W is the representative value of
building gravity load, in this paper is the sum of gravity for
each foor.

3.1. SAMD-Frame Combined System under Known Seismic
Excitation. In this case, relative acceleration responses at the
1st, 3rd, 5th, 6th, 7th, and 10th foor levels are observed and
measurement noise with 5% noise-signal ratio in root mean
square (RMS) is considered.

Figure 4 shows that the acceleration and displacement
responses of the frame with SAMD (with SAMD) on the top
story are signifcantly smaller than those of the frame
without SAMD (w/o SAMD).

As shown in Figure 5, the stifness and damping pa-
rameters of the SAMD quickly converge to the true values.

Structural Control and Health Monitoring 7
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Table 2 summarizes the identifed stifness parameters of
the SAMD-building combined system, and the identifcation
errors are small. Table 3 shows the comparisons of the
identifed damping coefcients of the combined system.

Although the identifcation accuracy is inferior, the errors
are mostly within 5%.

Figure 6 shows the time histories of the top foor re-
sponses and the control force. Te solid curves with legend
of “Integrated” represent the results obtained from the
proposed integrated method, while the dash curves with
legend of “Control” represent the results obtained from the
conventional optimal control algorithm.

Figure 7 compares the maximum values of story ac-
celeration, displacements and drifts by the proposed in-
tegrated method and the conventional optimal control
algorithm. Form these comparisons in Figures 6 and 7, it is
shown that structural responses by the proposed integrated
method are consistent with the conventional semiactive
optimization control algorithm.

Step 3: Calculate the Kalman gain matrix Kk+1 based
on Eq. (9);

Extend to

Integration of EKF based identification and semi-
active control:

Step 1: Calculate the matrices in the state equation
discretized by FOH sampling Ak, Bu

k, Bu
k+1, Bc

k, gk|k
based on Eq. (15);

Integration of GEKF-UI based identification and semi-
active control:

Yes If known?gx No

Step 1: Computer prediction state Zk+1|k based on Eq.
(6);

~

Step 2: Calculate prediction error matrix Pk+1|k based
on Eq. (7);

~

Step 4: Computer estimated state Zk+1|k+1 based on Eq.
(8);

Step 5: Calculate estimated error matrix Pk+1|k+1
based on Eq. (10);

Step 6: Computer the optimal active control force
uk+1|k+1 according the estimated state Zk+1|k+1 by
using Eq. (28);

lqg

Step 7: Computer the optimal active control force
uk+1|k+1 according the estimated state Zk+1|k+1 by using
Eq. (28);

lqg

Step 7: Computer the semi-active control force
uk+1|k+1 based on Eq. (33).

Step 8: Computer the semi-active control force uk+1|k+1
based on Eq. (33).

Step 2: Calculate prediction error matrix Pk+1|k based on
Eq. (20);

~Zp

Step 3: Estimate the unknown seismic excitation
and Kalman gain matrix Kk+1 by using Eq. (16) and Eq.
(19), respectively;

g,k+1x

Step 4: Computer prediction state Zk+1|k based on Eq.
(21);

~

Step 5: Computer estimated state Zk+1|k+1 based on Eq.
(22);

~

Step 6: Calculate estimated error matrix
Pk+1|k+1,

f Pk+1|k+1,
Zf Pk+1|k+1

Z based on Eq. (23), Eq. (24),
and Eq. (25), respectively;

A mass damper-building combined system subjected to
seismic excitation xg

Figure 2: Flow chart of the proposed real-time integration method.

m10 , c10 , k10

cs, ks

ms

m9 , c9 , k9

m2, c2, k2

m1, c1, k1

u (t)

Figure 3: Te SAMD-building model in numerical validations.

Table 1: Parameters of the SAMD-frame combined system.

Parameter Value
mi (i� 1, 2, . . ., 10) 6000 kg
ki (i� 1, 2, . . ., 10) 1.2 × 103 N/m
ci (i� 1, 2, . . ., 10) 6 × 103 N∙sec /m
ms 360 kg
ks 1.2 × 103 N/m
cs 100N∙sec /m

8 Structural Control and Health Monitoring
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Table 4 shows the comparisons of control performance
indicators J1 − J5 by the proposed integrated method and
the conventional optimal control algorithm. It is demon-
strated that the proposed integrated method can reach al-
most the same optimal control efects as the conventional
control.

3.2. SAMD-Frame Combined System under Unknown Seismic
Excitation. In this case, absolute acceleration responses at
the 1st, 3rd, 5th, 6th, 7th, and 10th foor levels are ob-
served. Moreover, fusion with the interstory displacement

between the 1st foor and the ground is used to overcome
the identifcation drift. Also, measurement noise with 5%
noise-signal ratio in root mean square (RMS) is
considered.

Figure 8 shows the identifed stifness and damping
parameters of the SAMD and Tables 5 and 6 summarizes the
identifed stifness and damping parameters of the combined
system, respectively. Te comparisons presented in Figure 8
and Tables 5 and 6 indicate that the identifcation errors
remain small in the scenario that seismic excitation is
unknown.

w/o SAMD
with SAMD
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Figure 4: Structural responses with and without SAMD (known seismic excitation). (a) Acceleration response. (b) Displacement response.
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Figure 5: Te identifed SAMD parameters (known seismic excitation). (a) Stifness parameter ks. (b) Damping parameter cs.
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Table 2: Comparisons of identifed stifness parameters (known seismic excitation).

Story no Exact (103N/m) Identifed (103N/m) Error (%)
1st 1200 1205.38 −0.45
2nd 1200 1198.03 0.16
3rd 1200 1202.10 −0.18
4th 1200 1196.34 0.30
5th 1200 1201.51 −0.13
6th 1200 1192.49 0.63
7th 1200 1200.38 −0.03
8th 1200 1197.69 0.19
9th 1200 1203.68 −0.31
10th 1200 1196.76 0.27
SAMD 1.2 1.20 0.00

Table 3: Comparisons of identifed damping coefcients (known seismic excitation).

Story no Exact (N/m) Identifed c (N/m) Error (%)
1st 6000 6062.19 −1.04
2nd 6000 6000.28 0.00
3rd 6000 6155.54 −2.59
4th 6000 6162.43 −2.71
5th 6000 6247.43 −4.12
6th 6000 5546.10 7.56
7th 6000 5907.44 1.54
8th 6000 5789.72 3.50
9th 6000 6159.76 −2.66
10th 6000 5962.92 0.62
SAMD 100 100.09 −0.10
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Figure 6: Continued.
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Integrated
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Figure 6: Responses and control force by integrated and control method (known seismic excitation). (a) Acceleration of the top foor.
(b) Displacement of the top foor. (c) Control force at the top foor.
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Figure 7: Continued.
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Figure 9 presents a comparison of the time histories of
structural acceleration, displacement response, and control
force at the top foor.Tis comparison is conducted between
the proposed integrated method and the conventional op-
timal control algorithm.

Likewise, Figure 10 provides a detailed comparison of
the maximum values of story accelerations, displace-
ments, and drifts obtained through the proposed in-
tegrated method and the traditional optimal control
algorithm.

Table 4: Control performance indicators (known seismic excitation).

Performance indices Integrated identifcation and
control Conventional control

J1 (peak story drift ratio) 0.633 0.632
J2 (peak acc.) 0.814 0.815
J3 (rms drift ratio) 0.542 0.541
J4 (rms acc.) 0.626 0.626
J5 (control force) 0.012 0.012

Max.drift

Control
integrated
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Figure 7: Maximum story accelerations, displacements, and drifts (known seismic excitation). (a) Maximum story acceleration responses.
(b) Maximum story displacement responses. (c) Maximum interstory displacement responses.
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12 Structural Control and Health Monitoring

 schm
, 2023, 1, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1155/2023/6658364 by H
O

N
G

 K
O

N
G

 PO
L

Y
T

E
C

H
N

IC
 U

N
IV

E
R

SIT
Y

 H
U

 N
G

 H
O

M
, W

iley O
nline L

ibrary on [25/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Table 5: Comparisons of identifed stifness coefcients (unknown seismic excitation).

Story no Exact (103N/m) Identifed (103N/m) Error (%)
1st 1200 1200.78 −0.07
2nd 1200 1198.66 0.11
3rd 1200 1197.31 0.22
4th 1200 1199.50 0.04
5th 1200 1197.75 0.19
6th 1200 1199.15 0.07
7th 1200 1201.87 −0.16
8th 1200 1200.91 −0.08
9th 1200 1200.57 −0.05
10th 1200 1203.40 −0.28
SAMD 1.2 1.19 0.00

Table 6: Comparisons of identifed damping coefcients (unknown seismic excitation).

Story no Exact (N/m) Identifed c (N/m) Error (%)
1st 6000 6002.02 −0.03
2nd 6000 6130.07 −2.17
3rd 6000 6067.38 −1.12
4th 6000 5946.77 0.89
5th 6000 5761.88 3.97
6th 6000 6001.38 −0.02
7th 6000 5889.00 1.85
8th 6000 5900.95 1.65
9th 6000 6281.78 −4.70
10th 6000 6073.32 −1.22
SAMD 100 100.04 −0.05
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Figure 9: Continued.
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Figure 9: Responses and control force by integrated and control method (unknown seismic excitation). (a) Acceleration of the top foor.
(b) Displacement of the top foor. (c) Control force at the top foor.
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Figure 10: Maximum story accelerations, displacements and drifts (unknown seismic excitation). (a) Maximum story acceleration
responses. (b) Maximum story displacement responses. (c) Maximum interstory displacement responses.
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Te key takeaway from these comparisons is that the
structural responses achieved through the proposed in-
tegrated method are consistent with the conventional
semiactive optimization control algorithm. Tis alignment
demonstrates the efectiveness of the integrated approach
and indicates that it can maintain structural performance in
a manner consistent with the established control methods.

Ten, the control performance indicators J1–J5 by the
proposed integrated method are compared with those by the
conventional control algorithm in Table 7. Again, it is shown
that the proposed integrated method can reach almost the
same optimal control efects by the conventional control in
this case of unknown seismic excitation.

Finally, Figure 11 shows the comparison of the identifed
seismic excitation and its true values. It can be seen that the
proposed method can also identify the unknown seismic
excitation.

4. Conclusions

Although there are studies on the integration of structural
identifcation and vibration optimal control, there is a lack of
integrated identifcation of mass damper-structure com-
bined systems and semiactive optimization control of the
structural systems. Tis paper proposes a methodology for
real-time integration of identifcation and semiactive

optimization vibration control for mass damper-building
combined systems under known/unknown seismic excita-
tions. Only partial measurements of structural responses are
needed and the seismic excitations can be known or un-
known. Te identifcation results of the SADM-building
combined system are integrated in real time with the
semiactive optimization control algorithm. Numerical
simulation examples validate that the proposed integrated
identifcation and semiactive optimization control can reach
almost the same optimal control efects by the conventional
control with known structural parameters of the mass
damper-structure systems under known seismic excitations.

In this paper, the proposed integration methodology is
demonstrated by the integrated identifcation of control of
a SAMD on a shear frame structure. Further studies on the
validation of the proposed method for building or bridge
structures with complex confgurations are needed. In ad-
dition, this paper only investigates the integrated identif-
cation and semiactive optimization control of SAMD-
structure systems under seismic excitations; it is required
to explore the integrated identifcation and control of
SAMD-building combined system under wind loads. Tese
studies are undertaken by the authors.
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