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The damping force provided by the damper is difficult to measure directly due to the complex mechanism of the
damper in the structure. For damper-controlled structures, the additional damping force generated by the
dampers can be considered a kind of input force on the primary structure. On the condition that the excitation
force and parameters of the primary structure are known, an inverse method based on a Gillijn De Moor filter and
structural response is presented in this paper to estimate the additional damping force. The state-space equations

of damper-controlled structures are built first. The Gillijn De Moor filter is then used to estimate the additional
damping force. The proposed method is examined by numerical simulations and a series of experiments. The
results show that the additional damping force generated by dampers can be accurately estimated using the
inverse method based on the Gillijn De Moor filter.

1. Introduction

In the past several decades, various energy dissipation devices have
been developed and utilized to attenuate vibrations. The energy dissi-
pation structures are usually equipped with dampers to absorb and
dissipate energy, thereby enhancing the structural capacity for bearing
and achieving the goal of structural control [1-4]. Energy dissipation
devices such as dampers can be viewed as the “fuse” of structures, and
their ability to dissipate energy plays a critical role in improving struc-
tural performance. Employing the appropriate types and quantities of
dampers within a structure can significantly reduce the vibration
response, thereby improving the seismic resistance of the structure and
protecting the structure as well as its internal equipment from vibration-
induced damage. However, the dampers may sometimes experience
performance degradation or damage during long-term service, espe-
cially during the earthquakes. For example, after the Tohoku-oki
earthquake (the largest earthquake in Japan’s recorded history) on
March 11, 2011, some dampers installed in buildings were damaged and
cannot continue to protect the structure. Some dampers have experi-
enced displacement far beyond their working stroke, causing damage to
the damper support and piston detachment. Additionally, some high-
strength bolts, crucial for damper fixation, had become loose,

resulting in the damper no longer providing damping force. In addition,
some sealing materials of oil dampers also experience severe wear and
oil leakage during earthquakes, resulting in the loss of energy dissipation
and vibration reduction ability of oil dampers [5-7]. When the dampers
are degraded or damaged, they no longer provide sufficient protection
for the structure, which will have a negative impact on structural safety.
This condition underscores the crucial need for in-depth studies on
damper performance within structures.

Identifying damper characteristics in structures has always been a
challenging problem and received much attention [8,9]. Various
methods have been developed for damper-controlled structures to
identify structural damping ratios, which can be divided into frequency-
domain and time-domain methods [10]. Furthermore, the additional
damping force provided by dampers can directly describe the actual
performance and energy dissipation capacity of control devices [11].
However, measuring the damping force directly in practice is not easy.
As the structural responses are much more accessible, the additional
damping force provided by the dampers can be considered a kind of
input force on the primary structure, and the problem of additional
damping force identification can be converted to a problem of input
force identification [12,13]. The nonlinear hysteresis force provided by
the base isolation system can also be treated as an additional unknown
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input to the corresponding structural systems without base isolation
[14]. Then, indirect estimation methods can be utilized to solve inverse
problems involving force identification from the measurements of sys-
tem responses [15]. The reference [12] also conducted a two-stage
method to identify the force provided by the MR damper since the
additional damping force generated by the dampers and unknown story
stiffness parameters where the dampers are installed cannot be identi-
fied simultaneously. The identification of linear building structure pa-
rameters and seismic excitation is conducted in the first stage, and then
the identification of MR damper forces is implemented in the second
stage.

Some scholars have summarized the structural system identification
problems and force estimation methods [16,17]. For example, Chan
et al. developed a solution to solve the problem of tracking maneuvering
targets using the generalized least-squares approach [18]. However, this
input estimation algorithm has a batch form, which requires matrix
inversions that result in computational inefficiency. Some inverse al-
gorithms based on the Kalman filter (KF) have been developed to solve
the problem of force identification. The KF was first proposed in 1960
and models the dynamic system into state equations [19]. The classical
Kalman filter requires all the structural parameters and external input
information to be available [20]. In terms of external input estimation,
Hwang et al. developed a Kalman-based method to identify external
input using the generalized inverse of matrix [21,22]. Ji et al. developed
an input estimation algorithm, which consists of a KF and a recursive
least squares algorithm, and it has shown great performance in tracking
targets and computational efficiency [23]. To preserve the updating
ability of the algorithm based on a KF method, forgetting factors are
often utilized to modify the weighting matrix in the recursive least
square algorithm [24]. Some algorithms with forgetting factors have
been applied in structural systems, and the results have shown that the
force estimations are in good agreement with theoretical results or
measurements [25,26]. These input estimation methods provide the
possibility to identify the unknown damping force of dampers in
structure.

Since traditional KF-based identification methods usually need input
information, they are not applicable when the additional damping force
provided by the damper in the structure is unknown. In this regard, some
Kalman filter methods with unknown input have been proposed. Lou-
rens et al. proposed an augmented Kalman filters (AKF) method for force
identification [27]. The method combines the unknown input with the
state vector, and simultaneously estimates the system state and un-
known input to the structure. However, the AKF method can be unsta-
ble, and Neats et al. studied the stability of the Kalman-based force
estimation techniques and proposed some improved methods [28]. Maes
et al. studied the joint state and input estimation method based on a
limited number of response measurements [29]. Hassanabadi et al.
proposed a Bayesian smoothing method for input-state estimation of
linear structural systems without direct feedthrough [30]. Lei et al. also
conducted research on the simultaneous identification of structural
systems and unknown input, and the methods can be used in the case of
unknown seismic inputs where the observation equations contain the
absolute floor accelerations [31,32]. He et al. introduced a projection
matrix that eliminated the unknown input in the observation equation,
which ensured that the recognition of the state remained unaffected by
the unknown input. Subsequently, they identified the unknown input
using the posterior state [33,34]. Liu et al. also proposed some improved
Kalman methods with unknown input. The data fusion of structural
acceleration and displacement responses is used in the observations to
avoid the low-frequency drift problem [35,36]. These methods allow for
the recursive identification of the structural state and unknown input.
However, the algorithm process is still relatively complex, which limits
the application of these methods.

In recent years, Gillijns and De Moor developed a recursive optimal
filter of joint state and input estimation for linear systems with direct
transmission, which was originally proposed for optimal control
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applications [37,38]. The method can be applied to direct feedthrough
systems, which means it can utilize the structural acceleration response
as the measurements during the identification process. Lourens et al.
further developed algorithms based on Gillijns De Moor filter (GDF) to
reduce the numerical instability that occurs when the number of sensors
exceeds the order of the model [39], allowing GDF to be applied to joint
identification of structural state and input in large-scale civil engineer-
ing. The GDF also has the structure of a KF, except that an optimal es-
timate replaces the true value of the input. The input and state identified
by the GDF are optimal in a minimum-variance unbiased sense. In this
paper, an additional damping force identification method based on the
GDF is developed. Input and state estimation can be jointly achieved by
including the unknown additional damping forces in the state vector and
estimating this augmented vector using the GDF method. It should be
noted that the GDF-based method is applicable on the condition that the
excitation force and parameters of the primary structure are known and
structural acceleration responses at locations where additional damping
forces generated are observed. In such case, the Gillijn De Moor filter
could be directly adopted to identify the additional damping force. The
effectiveness of the proposed GDF-based identification method is veri-
fied by numerical simulations of a damper-controlled MDOF system and
laboratory experiments of a damper-equipped SDOF steel frame.

2. Additional damping force identification method
2.1. State equation of the system

For structures incorporated with dampers, the additional damping
force provided by the dampers can be considered an unknown input
force on the structure. Therefore, the equation of motion for the struc-
tures incorporated with dampers can be represented as:

MY (1) + C,Y () + K, Y (1) = LyG(t) — M, I, %, @

where M, C, and K, denote the mass matrix, damping matrix and
stiffness matrix of the primary structure, respectively. L, is the position
matrix of dampers and G(t) is the additional damping force vector. I5,.1
is a n-dimensional column vector and X, is the ground acceleration.Y (t),
Y(t) and ¥Y(t) represent the displacement, velocity, and acceleration
vectors, respectively.

In converting to the state-space model, the state vector of the dy-

R
namic system can be represented as X(t) = {Y(t)Y(t)] , and the

continuous-time state space model can be described as:

X(r) =AX(t) + BF (1) + BL,G(1) 2

where

A 0 ! B 0 F M,I,, % 3
- *M;IK,, *M;ICI, » - M;l ) ([) — My n><lxg ( )

Eq. (2) can be discretized over time intervals of length At, and
combined with noise inputs, Eq. (2) can be written as:

X1 = ®X; +T'F; +TL,G + oy @

where

(k+1)At

exp{A[(k + 1)At — 7]}d7B

® =exp(AANI = /

kAt

[I — exp(—AA1))A'B )

@ is the state transition matrix, I' is the input matrix, Fy is the
sequence of excitation force, L;Gy is the sequence of additional damping
force, wy is the process noise vector, which is assumed to be zero mean
and white noise, and Q is the corresponding covariance matrix.

The recursive filter (GDF) developed by Gillijns and De Moor [37]
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Fig. 1. Analytical model for the MDOF system incorporated with dampers.

Table 1
Parameters of the primary structure.
Story  Primary structure Damper
Mass Stiffness Height Mass Stiffness Damping
mi(ton)  ki(kN/m) (m) Mg kpi (RN/m)  cg; (kNs/m)
(ton)
10 875 158,550 4 1626 20,138 2353
9 649 180,110 4 1847 22,877 2673
8 656 220,250 4 2259 27,975 3269
7 660 244,790 4 2511 31,092 3633
6 667 291,890 4 2994 37,075 4332
5 670 306,160 4 3140 38,887 4544
4 676 328,260 4 3367 41,694 4872
3 680 383,020 4 3929 48,650 5684
2 682 383,550 4 3934 48,717 5692
1 700 279,960 6 2872 35,560 4155

can be applied to a direct feedthrough system, using the structural ac-
celeration and displacement responses as the observation measure-
ments. Thus, as mentioned above, the measurement equation can be
written as:

Z; = CX+HF,+HL,G; +v; (6)
where

1 0 0
C=|-mx —M"C}H B {M" } @

H is the measurement matrix, and Z; is the observation vector that
consists of structural displacement and acceleration responses. vy is the
measurement noise vector, which is assumed to be zero mean and white
noise, and the corresponding covariance matrix is R. In this study, both
structural acceleration and displacement can be selected as the obser-
vations. If only the structural acceleration responses are used as the
observations, the identification results may sometimes appear low-
frequency drift, but the identification results can be significantly
improved when the observations include partial structural displace-
ment. Therefore, it is suggested that both the structural acceleration and
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displacement responses be included in the observation vector to get
better identification results.

2.2. Gillijn De Moor Filter (GDF)

The Gillijns De Moor Filter (GDF) has a Kalman filter structure,
which can be described as a recursive three-step filter. The first step can
be defined as a time update, using the given measurements at time k —1
and defining X k - 1/k—1 and (A?k,l as the optimal unbiased estimates of
Xi_1 and Gy_1, respectively. The prediction at time k can be obtained:

sz/k—l = d))?k—]/k—l +I'Fy, +FL¢1(A;1(71 (8)
) S @’
P;/k—] =[® T] k;{(k ' kGl |:FT:|+Q1(—1 )]
P P,

where Pi/kq represents the covariance matrix of Xj/x 1, P,’i/,F1 =

E{(Xk - ik/k—l)(xk - )?k/k—l)T]'

The second step can be defined as input estimation. The unbiased
estimate of LyGy can be calculated by weighted least square estimation,
and the weighting matrix equals the inverse of Ry.

LG, = M (Z; — C}?k/k—l — HF,) 10)
M, - (H'R,'H) HR,' an
R, =CP;,_ C"+R, 12)
P — (H'R,'H) (13)

where P represents the covariance matrix of LyGy, PS¢ =
E|(LgGy - LyGy)(LyGy - Ldak)T]~

The third step can be defined as a measurement update. The update
of X k/k-1 With the measurement Z; at time k can be obtained:

Xii = Xp 1 + Ki(Zi — CXyy 1 — HF, — HL,G)) 14)
K. =P, CR, (15)
P, =P, ,— KR, — HPJH")K] 16)
P = (P = K.HPS a7

where Kj is the gain, P}, = E[(Xk - )A(k/k) (X - )A(k/k)T], and P& =

E|(L4Gy - LaGy) (X - )A(k/k)T]-

2.3. Summary of GDF equations

In conclusion, the procedure to estimate the additional damping
force can be summarized as follows:

(1) The state space Egs. (3) and (6) are established, and the state
vector is clarified, which represents the structural responses;

(2) Based on Egs. (8) and (9), the estimate of X given measurements
up to time k —1 can be obtained, that is, X k/k-15

(3) With X k/k—1 and its covariance matrix Py Jk—1> the unbiased esti-
mate of L;Gy can be obtained based on Egs. (10) to (13), that is,
LyGi

(4) Finally, the estimate of X given measurements up to time k can
be obtained based on Egs. (14) to (17), that is, )A(k/k.
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Fig. 2. The time-history curve of acceleration of EI Centro Earthquake.
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Fig. 3. Acceleration response of structure incorporated with dampers (10th floor).
3. Numerical simulations and results
ki+k  —k 0 0
. .. . e —ky  kotks  —ks :
To validate the efficiency of the GDF-based identification method for K — 0 . 0 19)
state estimation and additional damping force estimation, numerical ’ . L Dok 4k, —k
simulations of an MDOF structural system are carried out. 0 0 K k
3.1. The MDOF system incorporated with dampers 2
C, = w—f‘Kp (20)
pl
In this study, a 10-story benchmark structure developed by the Japan
Society of Seismic Isolation is adopted as a vibration control analysis G(t) = kyxy, = mgiq + caiy (21)

example [40]. The analytical model of the 10-story benchmark structure
is detailed in Fig. 1 and Table 1. Every story of the structure is equipped
with a damper. Thus, there are additional damping forces at each floor
level, and each floor level additional damping forces are different. m;, c;,
and k; denote the mass, damping, and stiffness of the ith story, respec-
tively. mg;, cq4;, and kg4 denote the mass, damping, and stiffness of the
damper installed in the ith story, respectively. The equation of motion
for the structure can be represented as Eq. (1). Correspondingly, Y (t) is
the displacement vector of the structure relative to the ground.

m 0 - 0
0 ny

My =1 “ 0 as)
0 - 0 m,

where & and w,; denote the damping ratio for the 1st mode and the
lowest fundamental angular frequency of the primary structure,
respectively. In this study, £; equals 0.02 and w,: equals 3.13 Hz. k; and
xp, denote the stiffness and displacement of the spring, respectively. mg,
cqg and x4 denote the mass, damping and displacement of the damper,
respectively. The displacement of the structure relative to the ground
equals x; plus xg4.

3.2. Additional damping force identification

The EI Centro earthquake is used as the ground excitation in the
numerical stimulation (Fig. 2). The acceleration and displacement re-
sponses are calculated using the Newmark-beta algorithm and consid-
ered observations for the identification problem.

The GDF-based identification method is then adopted to estimate the
state and the additional damping force generated by dampers. In the
numerical example, the additional damping forces at each story are
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Fig. 4. Displacement response of structure incorporated with dampers (10th floor).
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Fig. 6. The theoretical and estimated additional damping forces (5th floor).
different, and the acceleration responses need to be observed at each the observation to avoid drift problems and make the identification re-
story where the dampers are installed. Therefore, ten story acceleration sults more accurate. In the numerical examples, the structural response
responses of the structure are observed to identify the additional measurements all contain Gaussian white noise with 2 % noise-to-signal
damping forces at each story. In addition, the structural displacement ratio in root mean square (RMS). The initial values used in the GDF-
responses of the 1st, 3rd, 5th, 7th, and 10th floors are also included in based identification method are given as follows: sampling interval At =
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Fig. 8. The theoretical and estimated additional damping forces (10th floor).

Table 2
The relative root means square error of all identified additional damping forces.
Story Error ( % ) Story Error (%)
1 15.84 6 8.68
2 17.56 7 7.76
3 10.86 8 6.44
4 9.71 9 6.79
5 9.44 10 7.36

10-3s, covariance matrix of process noise Q = 1078 -I50,20, covariance

matrix of measurement noise R = 1012 .1 20x20, initial state vector X 0=
0201, initial additional damping force state vector 60 = 0q0x1, initial
covariance matrixes Py = 1 x 10%0.I5,20. Through analysis, the esti-
mated responses and additional damping force can be seen in Figs. 3 to
8, and the relative root mean square error of all identified additional
damping forces are shown in Table 2. The theoretical additional
damping force is calculated by Eq. (21). The results show that the GDF-
based identification method has a good tracking capability by con-
trasting the estimation and the calculated measurements.

LA LA LA AA AT AL ATLL LS TS AL

Fig. 9. Analytical model for the SDOF system incorporated with the damper.
4. Experimental verification and results

In this section, the structural responses and the additional damping
force of a damper-controlled SDOF steel frame are estimated through a
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Fig. 10. Configuration of the test specimen.

series of experiments using the GDF-based identification method.

4.1. Experimental equipment

The experimental model consists of the primary structure and the
damper (Fig. 9). The primary structure is an SDOF steel frame, and the
mass and height of the primary structure are 23 kg and 1.0 m, respec-
tively. The total height of the SDOF structure is 1.000 m. The top plate
consists of steel plates (Q245) with plane dimensions of 0.834 x 0.390 m
and a thickness of 0.01 m. The columns consist of steel plates (Q245)
with height x width x thickness dimensions of 1.000 x 0.150 x 0.003
m. The first natural frequency of the primary structure is adjusted to
almost 1 Hz. The damper is connected to the primary structure with steel
cables. The experiment uses the free vibration method, with an initial
displacement of 80 mm. An accelerometer and a displacement meter are

0.1
0.05]

— Displacement

Displacement(m)
(=}

0 5 10 15 20 25 30 35 40
Time(s)
(a)
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installed to measure the acceleration and displacement of the top floor.
Two force sensors are stalled in the steel cables to measure the tension of
the steel cables (Fig. 10).

4.2. Parameter identification of primary structure using extended Kalman
filter

Since the proposed GDF-based additional damping force identifica-
tion method is only applicable when the structural parameters are
known, the stiffness and damping of the primary structure must be
identified first to calculate the additional damping force provided by the
damper. The additional damping force generated by the dampers and
unknown structural parameters where the dampers are installed cannot
be identified simultaneously. In reference [12], the linear structure pa-
rameters are also identified in the first stage. Therefore, in this experi-
mental study, the extended Kalman filter (EKF) is adopted first to
identify the stiffness and damping of the primary structure under the
condition that the external excitation is already known.

The free vibration test of the primary structure without the damper is
conducted first. The equation of motion for the primary structure can be
represented as:

mY (1) +cY (1) +kY (1) = 0 (22)
where m, ¢ and k denote the mass, damping and stiffness of the primary
structure, respectively.

In the EFK algorithm, the extended state vector can be defined as:
X={X, X, X; X} ={Xx, m'(=cX,—kx,) 0 0} (23
where X1 =Y, X, =Y, X5 =k, X4 =c. In converting to the state-space
model, the state space equation can be described as:

%0 —ptaanent
=
2 60f - 1
<
E 30
E o
< 30

05 10 15 20 25 30 35 40 45 50

Frequency (Hz)
(b)

Fig. 11. Structural displacement response of the primary structure.
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Fig. 12. Parameter estimation of primary structure: stiffness.
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X =f(X,1) +ok) (29 R . wo
Xijk—1 = Xp—i et + / f(Xio1jk1, t)dt (26)
Zi = h(Xi, 1) + v (25) fht

where Z; is the observation vector at time k.
The key steps of EFK consist of the time update step and measure-
ment update step. The nonlinear term f(X, t) in Eq. (24) can be linearized
by Taylor’s expansion. In the time update step, the predicted state at

a detailed description of its solution process.
time k can be represented as:

In this study, the fourth-order Runge-Kutta algorithm method was
utilized to resolve the differential equations. Since the Runge-Kutta al-
gorithm is a widely-used numerical method, this article does not provide

In the measurement update step, the updated state at time k can be
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Fig. 17. Comparison of the identified and measured acceleration responses of the structure incorporated with the damper.
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Fig. 18. Calculation principle of the additional damping force.

represented as:

)A(k/k = )?k/k—l +Ki[Zy — h()?k/k—l 1) 27)
where K is the Kalman gain.

In this study, the observation is the displacement response of the top
floor, and the displacement response in both the time domain and fre-
quency domain can be seen in Fig. 11. In Fig. 11a, the damping ratio can
be calculated by using the logarithmic decrement method,

1 X
= —In—
2nn Xietn

¢ (28)

where x; and xi., are displacement response amplitudes within n cycle
intervals. The calculated damping ratio £ = 0.33%. In Fig. 11b, the
natural frequency of the structure can be calculated as f = 0.915 Hz by
using a fast Fourier transform.

The initial values used in the EFK are given as follows: sampling
interval At = 10~3s and covariance matrix of measurement noise R =

10'2 .. Initial state vector Xy = {0 0 1 10% }T, initial covariance

10 0 O
matrixes Py = 01 0 0 . The estimated stiffness and damping
0 0 0 10 O
00 0 10°

of the primary structure are shown in Figs. 12 and 13. The estimated k
and c equal 762.232 N/m and 0.957 Ns/m, respectively. The corre-
sponding estimations of the structural natural frequency and damping
ratio are calculated as 0.916 Hz and 0.36 %, respectively, which are
close to the theoretical values calculated previously using the fast
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Fig. 19. Comparison between the measurement and estimation of additional damping force.

Fourier transform and logarithmic decrement method. An inversion
analysis is also conducted to calculate the structural acceleration and
displacement responses, and the estimated structural responses are close
to the experimental measurements, which verifies the accuracy of the
estimated parameters (Figs. 14 and 15).

4.3. Additional damping force identification

For the free vibration test of the structure with the damper, the
equation of motion for the structure can be represented as:

mY (1) + ¥ (1) + kY (1) = G(7) (29)

As mentioned above, the additional damping force identification
algorithm based on GDF is utilized to estimate the additional damping
force provided by the damper. The observations are the displacement
and acceleration responses of the top floor. The initial values used in the
GDF-based algorithm are given as follows: sampling interval At =
10-3s, covariance matrix of process noise Q = 102 -I, covariance matrix
of measurement noise R = 10°1° -1, initial state vector X o = 04,1, initial
additional damping force state vector E;O = 0,,,, initial covariance
matrixes Pj =1 x 10%-I,,,. Figs. 16 and 17 show the comparisons of
the estimated and measured time histories of the displacement and ac-
celeration responses, respectively. It is shown that the structural re-
sponses can be identified with high accuracy using the GDF-based
identification method.

The theoretical additional damping force G can be calculated as:

G = (T, — T»)cos0 (30)
where T; and T, are the tension in the steel cables measured by force
sensors, and the calculation principle is shown in Fig. 18. The estimated
results of the additional damping force based on the GDF and the
theoretical results based on the measurement are compared in Fig. 19.

From the comparison between the measurement and estimation of
the additional damping force, we can see that they are in good agree-
ment. Although there are still some errors in the identified and the
measured damping force in the initial stage, the relative root mean
square error of the identified additional damping force is less than 20 %,
which indicates that the identification results of additional damping
forces have good accuracy. The reason for the errors may be the noise
interference in the observation measurement. In addition, some errors
may be caused by the differences between the actual structural param-
eters and the parameters identified using the EKF method in the previous
stage.
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5. Conclusions

In this paper, an inverse methodology based on the Gillijn De Moor
filter is developed to estimate the state and the additional damping force
generated by dampers. Numerical simulations examine the feasibility of
the method. The numerical simulations adopt a ten-story structure
incorporated with dampers. The results show that the proposed
approach can estimate the state and unknown additional damping force.
In addition, the proposed approach is validated by free vibration tests of
an SDOF structure incorporated with a damper. The estimations of the
additional damping force agree well with the theoretical results. The
numerical and experimental results show that the additional damping
force provided by dampers can be estimated with high accuracy using
the inverse method based on Gillijn De Moor filter. Despite the
encouraging results, some limitations still need to be addressed, such as
the structural parameters need to be known or identified first. Further-
more, the acceleration responses at locations where the dampers are
installed must be observed to accurately identify the additional damping
forces provided by dampers.
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