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Real-time hysteresis identification in controlled structures based on restoring
force reconstruction and Kalman filter
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This study develops a new framework for real-time identification of the

nonlinear hysteric behavior of seismic response-controlled structure using limited observation data.
First, a pure Kalman filter algorithm is employed and it is proved that the additional augmentation
of the restoring forces as state variables acts as the role of Tikhonov regularization.
Furthermore, to address the numerical instability issues, a physics-deep neural network model and
unsupervised autoencoders are integrated with the Kalman filter equation respectively. Numerical
examples of various seismic isolation and vibration control structures, as well as shaking table
experiments show that the improved methods have high estimation accuracy and stability, even with
limited number of measured data.



Structural health monitoring is a crucial technique that allows to monitor changes and estimate
damages for building structures after seismic events and becomes more and more important in Japan.
However, current data analysis methods for structural monitoring are mainly based on the evaluation
of changes in the vibration characteristics of the whole building, such as natural frequencies, mode
shapes and damping ratios. Although these existing evaluation indices are suitable for assessing the
overall characteristics of a structure, they are not suitable for understanding the behaviors of the
seismic response-controlled structure, which shows strong nonlinear properties locally.

Existing approachesfor local hysteresisidentification normally treat it as an inverse problem where
the objective function is typically defined as the weighted least-squares of the misfit between the
measured data and the predicted data, and the model parameters for a certain prescribed hysteretic
model should minimize the objective function. However, these agorithms not only require
prohibitively high computation cost due to the repeated solution of alarge-scale nonlinear and possibly
non-smoothing differential equation, but aso rely on the prescribed hysteresis models which might
introduce model errors for the identification. Consequently, developing a real-time, model free
hysteresis identification algorithm with indirectly observed and noisy measurement data for practical
seismic damage estimation problem remains a significant challenge.

In order to abtain acost-effective aswell aswidely applicable method for hysteresisidentification,
this paper develops a completely new hysteresis identification framework where rather than
identifying the model parameters, the restoring forces of hysteretic components are reconstructed and
the origina nonlinear hysteresis identification process is converted to a linear system estimation
prablem. In this way, the proposed framework aimsto achieve several key advantages,

(1) Hysteresis identification is fulfilled through restoring force (and hysteretic displacement)
reconstruction. Therefore, asearch for the optimal values of the hysteretic model parametersisavoided
and so is the a priori knowledge of the hysteretic models. Thus, the proposed framework also works
for the general situations where the hysteretic models do not need to be known.

(2) The proposed framework does not involve the nonlinear hysteretic models and then, alinear system
eguation with the unknown restoring forces is undertaken. For large-scale problems, linear system
estimation can be solved much more efficiently than nonlinear and possibly non-smoothing system
estimation. Thus, the proposed framework shall be efficient.

(3) The proposed framework identifies restoring force and the hysteretic displacements using
indirectly observed measurement data, which means that the framework is employed when restoring
force and the corresponding hysteretic displacement are not directly accessible, but some other
quantities, e.g. floor accelerations at severa stories, are measured.

The proposed hysteresis identification framework is being developed in three stages:

(1) First, a pure Kalman filter algorithm is adopted for restoring force reconstruction and it is shown
that the additional augmentation of the restoring forces as state variables acts as the role of Tikhonov
regularization. Due to the regularization effect, an optimal covariance matrix for the process noise of
therestoring forcesis selected by the L-curve method. It is noteworthy that numerical instabilities may
happen when using the pure Kalman filter algorithm, since a priori observability and identifiability of
the dynamic system with a particular set of measured data should be carefully checked.



(2) To overcome the numerical instabilities encountered in the previous stage, the Kalman filter
algorithm is embedded into adeep learning framework, where the linear state equation and the obscure
nonlinear hysteric behavior are smoothly combined through a physics-deep neural network (DNN)
hybridized integration time-stepper. By utilizing neural networks to establish a data-driven model for
hysteresis, theidentified nonlinear hysteric behavior isstill model free and significant progressis made
in overcoming the numerical instabilities. However, the necessity to measure both the restoring force
as well as the corresponding displacement for training the neural network makes this algorithm
impractical for real-world structural health monitoring system applications.

(3) Since the effectiveness of data-driven hysteric model based on neural networks has been proved in
stage 2, finaly, we proposed a computationally practical approach for recovering the local hysteric
behavior based on the combination of Kalman filter and unsupervised autoencoders. In the
autoencoder, the measurement data is encoded and the feature of its noise level is first learned in the
space of the latent variable. Then another neural network is used to predict system full states with
ground motion and latent variable as input. These predictions are used for measurement data
reconstruction by a physical guided decoder with the linear state equation from the Kalman filter. We
demonstrated the ability of the proposed method to estimate the full states of the dynamic system with
limited measurement data as well asits ability to overcome numerical instabilities successfully.

For the above three stages, various numerical examples (single-story and multi-story structures) as
well as experiments tests (base-isolated structure and structure with dampers) have been conducted to
validate the effectiveness and robustness of the proposed identification framework. The algorithm has
also been verified using real-measured field data. Due to the confidentiality agreement, the results are
not presented herein.
(2) Stage 1: pure Kalman filter algorithm

To illustrate the application of the present hysteresis identification method, a seven-story shear
building as shown in Fig. 1 is concerned. In the case of impulse excitation, the feasibility of the
proposed method in identifying different kinds of hysteretic models at different positions of the
structure is shown. Besides, the performance of the L-curve method in finding an appropriate process
noise covariance for the augmented state is fairly verified. Next, the effects of different levels of
amplitude and varying spectral content of the external force on the proposed method are investigated
through harmonic excitation. L ast, the robustness of the proposed method to differentinitial conditions
is studied using earthquake excitation. Special attention is also given to the measurement requirement
to provide stable results.
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Fig.1 Schematic view of the seven-story shear building
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Fig. 2 Hysteresis identification results based on the pure Kalman filter algorithm

Furthermore, dynamic tests of a two-story base-isolated shear structure are conducted at the
structural laboratory in Kyoto University to validate the proposed real-time hysteresis identification
method. Fig. 3 shows details of this base-isolated shear structure including each story’s stiffness and
mass. The nonlinear hysteretic behavior which serves as the seismic isolator of the structure is
provided by the frictional interfaces of a dlider in the isolation story. Clearly in Fig. 4, the identified
hysteretic loop fits reasonably well with the reference/experimental hysteretic loop.
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Fig. 3 Laboratory test setup Fig. 4 Identification results

(2) Stage 2: Kalman filter + deep neural network

The proposed identification framework is examined by a numerical example of a base-isolated
seven story shear building and dynamic tests of a single-degree-of benchmark structure equipped with
a tuned inter eddy current damper, which was conducted at the structural laboratory in Tohoku
University. Experimental setup and identification results of Eddy current damping system are shown
inFig. 5and Fig.6.
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Fig.6 Training and prediction results of the proposed algorithm

(3) Stage 3: Kalman filter + Autoencoder
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Fig.7 Identification results using the same laboratory test but with less data compared to Stagel

In this stage, the proposed identification algorithmis verified using a numerical example of amulti-
story building with dampers on each floor. Additionally, the same experimental test in stage 1 is
utilized. The difference from stage 1 is that only the acceleration measurement is used in stage 3,
whereas the second story’s measured displacement was al so necessary for numerical stability in Stage

1. The results in Fig.7 demonstrate that the proposed method effectively identifies the hysteretic
behavior stably from limited data.
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