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Wind-load estimation with equivalent-input-disturbance approach

Kou Miyamoto!, Daiki Sato?, Jinhua She?, Yinli Chen?, Satoshi Nakano®

Abstract—This paper presents a new method to estimate
an along-wind load that contains a mean component using
an equivalent-input-disturbance approach. An along-wind force
contains both mean and fluctuating components. However, most
studies estimate only fluctuating components. Moreover, these
studies assume that the damping matrix is a Rayleigh one.
In contrast, this paper presents a method that estimates both
the mean and fluctuating components using velocity response.
Furthermore, this method does not require that the damping
coefficient is Rayleigh damping. The numerical verification
verifies using an 11 degree-of-freedom(DOF) model of a seismic-
isolated building. The results presented that the presented
method accurately estimates an along-wind load.

I. INTRODUCTION

In these few decades, buildings become taller and many
skyscrapers are constructed, and not only the seismic loads
but also wind loads are important for building designing.
Recently, many wind-resistant design methods are studied
such as [1], [2], [3], and some devices are devised to
suppress responses of wind loads [4], [5]. Moreover, some
studies consider both seismic and wind loads to design
a building [6], [7], [8]. To investigate the responses of a
building for strong wind, the results of wind tunnel tests
or measured data are used. However, wind loads cannot be
measured directly, and we need to estimate them. To date,
many disturbance estimation methods have been devised to
estimate wind loads. Maruta et al. presented a method to
estimate a wind-load by using displacement [10]. Sato and
Razelle et al. showed that the mean component of wind-
loads can be yielded by using an inverse transform function
and displacement of a structure.[11]. Amiri et al. applied the
Tikhonov regularization, which is one of the method for an
ill-posed problem to estimate a modal wind force [12].

On the other hand, a Kalman filter, which is one of the
control engineering methods is also used to estimate modal
wind loads such as [13], [14], [15]. Many studies have
attempted to estimate wind loads. Most studies assume that
a damping coefficient of a structural model is a stiffness
or mass proportional one (Rayleigh damping), and focus on
estimating the fluctuating component of wind loads.

In control engineering, they are many disturbance-
estimation methods. The information of a disturbance is used
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Fig. 1. Seismic-isolated building model

to improve control performance. One of the common meth-
ods is a disturbance observer [16]. A disturbance observer
uses an inverse transfer function of a system to estimate
a disturbance. However, this cannot be used if a control
system has unstable zeros or the transfer function is not a
square one. To solve this problem, She et al. devised an
equivalent-input-disturbance (EID) approach [17]. Since an
EID approach does not use an inverse of the transfer function
of a system, this method can be used for a system that the
transfer function is a rectangle form or has unstable zeros.
Moreover, an EID approach does not require any conditions
for disturbance.

This paper estimates both mean and fluctuating compo-
nents of wind-loads of a seismic-isolated building, which is
one of the examples of a non-proportional damping structure,
with an EID approach. Usually, structural displacements
for wind-loads are not available, this paper uses velocity
responses of a structure. Moreover, we assumed that the
measured data contains white noise.

In this paper, we first explain the concept of an EID ap-
proach. Next, we show a system of estimation of wind-loads
using an EID approach especially with velocity responses.
Then, we verify our method through numerical examples
with an 11 degree-of-freedom model of a seismic-isolated
building.

II. EID APPROACH

This paper uses a shear building model of seismic-isolated
building (Fig. 1). The dynamics of a building is shown as
follows:



Mgi(t)+Csi(t)+ Ksx(t) = E4F (t)+ Eyu(t)Mg = diag
€]
where Mg is a mass matrix, Cg is a damping matrix, Kg is
a stiffness matrix, F'(t) is a wind force, Ey is a input channel
of a wind force, and w(t) and E, are a control input and a
control-input channel. Note that this model does not employ
an active control, however, we use a virtual active control
input and its channel to apply an EID approach. This paper
uses a shear-building model and
The state space representation of (1) is

() = Az(t) + Bad(t) + Bu(t), @)
where
A=l e 0[]
weff] -]
d(t) = F(t).

In the above equations, A is a system matrix, By is a
disturbance input matrix, B, z(¢) is a state of the system, and
d(t) is a disturbance. Now, we define the following output
equation, y(t):

y(t) = Cz(1), 4)

where C' is an output matrix that indicates that the placement
or kind of sensors. For example, if C is an identity matrix,
it means that the building employs displace and velocity
sensors in every story. In other words, all displacements
and velocities are available. Without loss of generality, we
assume that (A,B) is controllable and (A,C) is detectable.

Next, we explain the concept of an EID. Figure 2(a) shows
the block diagram of Egs. 2 and 4. On the other hand,
Fig. 2(b) shows the system (Eq. 2) with an EID, d.(t), and
an output is defined as g(t). If y(t) = (y), then d.(t) is
defined as an EID of the original disturbance, d(t). To put it
another way, an EID is a signal on a control input channel
that outputs is the same as that of the original disturbance.
Usually, the control input channel B,,, which is the placement
of active control devices, and the distance input channel B,
are not the same. Thus, estimation of an EID is more useful
than estimation of an original disturbance for active control
systems. If we select B, = By and u(t) = 0, then the
EID, d.(t), is identical to the original disturbance, d(t). This
paper applies an EID estimation problem for a disturbance
estimation. Next section explains the system of wind-loads
using an EID approach.

A. Estimation with displacements and velocities.

The disturbance estimation system is shown in Fig. 3. The
full-state observer of Eq. (2) is

{ 2(t) = As(t) + LC[2(t) — 2(1)]

alt) = C3(1), 2
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Fig. 3. Configuration of EID approach system for disturbance estimation

where 2(t) is an estimated z(¢) and L is an observer gain.
Substituting Eq. (2) into (5) yields that

AZ(t) = (A — LC)Az(t) + Bad(t), (6)
where Az(t) is an estimation error that is defined as
Az(t) = z(t) — 2(¢). (7)

Since the system (2) is controllable, there is signal Ad(t)
that satisfies the following equation:

Az(t) = AAz(t) + BaAd(t). )
An estimated wind load, d, (t), is given by substituting Eq.

(8) into (7):

where B is a pseudo inverse matrix of By and it is given
by

d.(t) = B LOAz(t),

de(t) = de(t) — Ad(1), ©

B} = (BjBq) 'Bj. (10)
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Fig. 5. Wind load of 10th floor.

III. NUMERICAL VERIFICATION

This section verifies the validity of our method. This paper
uses an 11-DOF model of a seismic-isolated building, and
the first story is the seismic-isolated story. The superstructure
of the building is shown in Fig. 4.

The parameters of the building are as follows:

Natural first-mode period of superstructure (7%): 1.0 s
Height of superstructure (Hg): =15/0.02 m

Each story height of superstructure (hg;): Hg/10
Depth Dg and width Bg: 40 m

Density of superstructure (pg) (for all stories): 175
kg/m3

Each story mass of superstructure (mg;): Bs X Dg X pg
Damping of superstructure: stiffness-proportional damp-
ing model cg; = 2€5/w;ks; (damping ratio of the first
mode, £g: 0.02)

Stiffness of superstructure [18]: The stiffness of the i-th
story is
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fgy = wims1¢s1 + ks1(ds2 — ds1)
Ps1 7
wimgipsi + ksiv1(dsis1 — dsi :
hsi = =2 %»—2;(4 - ) (i=2-~0),
P wimsiodsio
bs10 — ¢so |
(1)
where ¢ is an first eigen mode that is given as
bsi=i—1 {i=2n~11}, (12)

and wg is a natural frequency of the first mode of the
superstructure. The parameters of the seismic isolation are

o Mass of the seismic-isolated story (mp): Ag X pp, Where
Pp 1 @ mass per unit area for the seismic-isolated story
and is selected as 2551 kg/m?.
Stiffness (kp):

. 2 Z ms;

k
b T

13)
where T3 is a seismic-isolated natural period that as-
sumes the superstructure is a rigid body. This paper
selects T, = 4.0s.

Damping coefficient (cs1):

=28\ k Y mgi, (14)

where &, is a damping ratio for the seismic-isolated
period, T, that is selected as 0.2 in this paper.

The observer gain, L,, is designed by solving the follow-
ing Riccati equation:

{

where P is a solution of the Riccati equation, and @ (> 0)
and R (> 0) are weighting matrices. The Riccati equation
is solved by minimizing the following performance index:

PAT + AP +Q — PCTRTCP =0

L,=—R'CTP (13)

J=/Oo{Asz(t)QAzp(t)+ug(t)Rup(t)}dt, (16)
0
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where u,(t) is

uy(t) = —PCR™"2,(1). (17)

Note that a dual system is used to design the observer gain.
This paper select these matrices as follows:

10715111 0
{e=["y" o,

where [,, is a n X n identity matrix.

This paper uses wind forces with a return period of
500 years. The wind force is determined by a wind tunnel
experiment [19]. The airflow in the experiment is determined
by referring to the building design load in Japan (terrain: III,
directional angle: 0 degr)[20]. The design wind velocities of
the 100-year and 500-year return periods are 54.9 and 63.8
m/s, respectively. Envelopes are set the first and the last 50
s for every case (Fig. 5), and the ensemble average of the
power spectral density of the 10th floor is shown in Fig. 6.

The results of the estimation are shown in Fig. 7. In this
paper, we show the results of the 1st, 5th, and 10th floors as
an example. The results show that an EID approach estimates
accurately the original wind loads. In particular, the EID
approach estimates not only the fluctuating component but
also the mean component of the wind load of a seismic-
isolated building, which is a non-proportional damping.

Figure Fig. 8 shows the comparison of the fast Fourier
transform (FFT), and the results show that an EID approach
estimates the original disturbance in terms of a frequency
domain.

An EID estimates the original disturbance using the states
of the plant, and that is a key to for accuracy of estimation.
Figures 9 and 10 show that the state observer estimates the
displacements and velocity very accurately. In particular, the

R =101, (18)
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Fig. 9. Displacements of 1st, 5th, and 10th floors.

displacement includes the mean components. Thus, accurate
estimation of displacements is important for disturbance
estimation.

IV. CONCLUSIONS

This paper applies an equivalent-input-disturbance (EID)
to estimate the wind loads of a building. An EID is a signal
on the control input channel that gives the same output as
an original disturbance. We apply this method to estimate
the wind loads of a structure. First, we explain a concept
of an EID method for active structural control. Next, we
apply the EID approach for disturbance estimation. Then, a
numerical example shows the validity of an EID approach for
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estimating wind loads. A seismic-isolated building model is
used in the numerical example. The results show that an EID
approach estimates accurately the wind-loads of a building.
This paper presents the following points:

o An EID estimates an original disturbance by setting the
control input channel is the same as the disturbance
input channel.

Moreover, both the means and fluctuating components
can be estimated using an EID approach.

The numerical example shows that an EID approach
estimates wind loads of a seismic-isolated building,
which damping is a non-proportional one.
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