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ABSTRACT
This paper proposes an adaptive control law for the causal approximation of rate-independent
linear damping (RILD). RILD provides direct control over displacement, a desirable feature for
low-frequency structures. When low-frequency structures are subjected to high-frequency
ground motions, RILD mitigates large displacements while avoiding large damping forces and
floor accelerations. However, in ideal RILD, the force is proportional to the displacement
advanced in phase π/2 radians, a non-causality that has limited its practical applications. An
adaptive controller is proposed to approximate ideal RILD based on the frequency of vibration
estimated in real-time and a filter-based causal model for RILD. By estimating the frequency of
vibration, the phase advance is more accurately applied. The desired damping force is then
tracked by a semi-active damper, which is naturally in phase with velocity and has a controllable
magnitude. The adaptive control approach is demonstrated through the real-time hybrid
simulation (RTHS) of a 14-story inter-story isolated building. An MR damper is added to the
isolation layer of the structure to provide supplemental control with the goal of mimicking ideal
RILD. The MR damper is experimentally represented while the remainder of the structure is
numerically simulated in the RTHS loop. The results compare well to non-causal numerical
simulations in both damping forces and structural responses. Results show improved seismic
performance for the adaptive algorithm as compared to non-adaptive causal approximations of
RILD.
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ABSTRACT
This paper proposes an adaptive control law for the causal approximation of rate-independent
linear damping (RILD). RILD provides direct control over displacement, a desirable feature for
low-frequency structures. When low-frequency structures are subjected to high-frequency ground
motions, RILD mitigates large displacements while avoiding large damping forces and floor
accelerations. However, in ideal RILD, the force is proportional to the displacement advanced in
phase π/2 radians, a non-causality that has limited its practical applications. An adaptive controller
is proposed to approximate ideal RILD based on the frequency of vibration estimated in real-time
and a filter-based causal model for RILD. By estimating the frequency of vibration, the phase
advance is more accurately applied. The desired damping force is then tracked by a semi-active
damper, which is naturally in phase with velocity and has a controllable magnitude. The adaptive
control approach is demonstrated through the real-time hybrid simulation (RTHS) of a 14-story
inter-story isolated building. An MR damper is added to the isolation layer of the structure to
provide supplemental control with the goal of mimicking ideal RILD. The MR damper is
experimentally represented while the remainder of the structure is numerically simulated in the
RTHS loop. The results compare well to non-causal numerical simulations in both damping forces
and structural responses. Results show improved seismic performance for the adaptive algorithm
as compared to non-adaptive causal approximations of RILD.

Introduction
Base isolation is a widely used passive control method which can shift the dominant natural
frequency of the structure below the frequency content of the expected ground excitation, [1, 2].
When base isolation is not possible or practical, inter-story isolation is a viable design
alternative. Ogura et al. [3] discusses the benefits of incorporating inter-story isolation in the
reduction of seismic responses of superstructure. The performance of both base-isolated and
inter-story-isolated structures can be compromised by excessive isolation layer displacement,
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leading to damage of the isolators. The 2011 Great East Japan earthquake produced large
displacements in low-frequency structures previously thought to be safe [4, 5]. Supplemental
control (e.g., hysteretic or viscous dampers), can maintain the acceleration response reduction of
isolation while restricting isolation layer displacements to within an acceptable level. These
systems are referred to as hybrid isolation. Chey et al. [6] introduced semi-active control for
inter-story isolation systems to mitigate seismic damage and reduce earthquake response.
Traditional supplemental damping has some notable shortcomings when applied to
protect low-frequency structures. Nonlinear hysteretic dampers such as steel yielding dampers
work well for moderate displacements, however produce low equivalent damping ratios for small
and large displacements. Viscous dampers produce low forces at low frequencies and high forces
at high frequencies, making it difficult to suppress displacements without amplifying
accelerations. A robust hybrid isolation solution must consider a wide range of response
amplitudes and frequency content.
Rate-independent linear damping (RILD) provides a damping force proportional to
displacement, making it attractive to directly suppress displacement responses. Because it is also
frequency independent, it is not sensitive to high frequency ground motion components which
could amplify acceleration responses [7]. RILD is also known in the literature as linear hysteretic
damping, complex-value stiffness, structural damping, and solid damping [8-10]. Crandall [11]
first noted that ideal RILD is noncausal. Crandall [12] further investigated the performance of
damping devices using transfer functions in the frequency domain and impulse response
functions in the time domain, concluding that a damper with frequency-independent energy
dissipation violates causality requirements. Ideal RILD is proportional to displacement advanced
in phase π/2 radians, a noncausality that has limited its practical application. As a result, a causal
approximation is required to implement this type of damping in real structures.
The first successful causal RILD model was presented by Biot [13]. This visco-elastic
model consists of a linear spring in parallel with an infinite number of Maxwell elements
(spring-dashpot links). Makris [14] proposed a causal hysteretic element that generates frequency
independent energy dissipation. The model was shown to be the limiting case of the linear viscoelastic model proposed by Biot [13]. Keivan et al. [15] proposed a causal filter-based (CFB)
approach to approximate ideal RILD which is accurate at a prescribed frequency, set as the
fundamental natural frequency of the structure. The CFB approach is well-suited as a basis for an
adaptive algorithm whereby the filter frequency can be updated in real-time based on the actual
structural response.
In this paper, an adaptive controller is proposed to approximate ideal RILD. The
dominant response frequency is estimated in real time to update the CFB model for RILD. By
updating the CFB filter frequency, the displacement phase advance of π/2 radians is more
accurately applied. The desired damping force is then tracked by a semi-active damper, which is
naturally in phase with velocity and has a controllable magnitude. The approach is herein
referred to as adaptive causal-filter based (A-CFB), contrasted with the fixed frequency CFB
approach.
The adaptive control approach is demonstrated through real-time hybrid simulation
(RTHS) of a 14-story inter-story isolated building. A magnetorheological (MR) damper is added
to the isolation layer to provide supplemental control. The MR damper is experimentally
represented while the remainder of the structure is numerically simulated in the RTHS loop. The
experimental results compare well to noncausal numerical simulations in both damping forces
and structural responses. Results also show clear improved seismic performance of the adaptive

algorithm as compared to non-adaptive causal approximations of RILD.
The Causal Filter-Based Approach
From Inaudi and Kelly [16], the true time domain and frequency domain representation of rateindependent linear damping are described in Eqs. 1 and 2, respectively.
f D (t )  k xˆ(t)
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Where k is stiffness, η is the ratio between the loss and storage moduli for the RILD element,
xˆ ( t ) is Hilbert transform of x(t ) , i is the imaginary unit, and sign() is the signum function. The
transfer function from input displacement to output RILD force is:
HRILD()  k i sign()

(3)

Eq. 3 represents ideal behavior of a noncausal element which has a magnitude of kη and a phase
advance of π/2 radians over all positive frequencies. As a result, H RILD ( ) is referred to as the
target filter. The target system cannot be implemented in a causal system; however, it can be
approximated accurately at a prescribed frequency using a first order all-pass filter. This causal
filter-based (CFB) approach is given by:
HCFB()  k

i   f
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where  f is the frequency with an exact π/2 radian (90°) phase advance. Without any additional
knowledge of the system response,  f can be selected as the fundamental natural frequency of
the structure. Fig. 1 compares the magnitude and phase of the target system of Eq. 3 and the
causal all-pass filter of Eq. 4. In this figure, kη is set as unity and  f is set as 1.57 rad/s. At and
around  f , the CFB design matches the phase of the target system. At all frequencies, the CFB
design matches the magnitude of the target system.
The CFB approach requires the selection of a frequency  f , which should match the
response frequency of the structure under earthquake excitation. If the response frequency
exceeds the filter frequency  f , the hysteresis will exhibit a positive skew; if the response
frequency is less than the filter frequency  f , the hysteresis will exhibit a negative skew.
The CFB approach is applied to the supplemental structural control of an inter-story
isolated structure. For inter-story isolated structures, there are two notable options for  f : (1)
the fundamental natural frequency of the substructure and (2) the fundamental natural frequency
of the superstructure including the isolation layer. The former results in better strong-motion
responses because the substructure essentially filters the ground motion and provide a narrow
band excitation to the superstructure. The latter leads to better free vibration responses once the
excitation has passed. Since the strong ground motion part of the earthquake is more important
for design, the fundamental natural frequency of the substructure is chosen for fixed-frequency

(non-adaptive) CFB models for inter-story isolated structures.
If the response of a structure is dominated by a different frequency, e.g., under forced
vibration from an earthquake with concentrated frequency content, a better match to ideal RILD
can be achieved by updating  f to match the dominant response frequency. The response
frequency, however, is not known prior to the ground motion event. This uncertainty is the
primary motivation to design adaptive controllers that can estimate the dominant response
frequency of the system in real time.
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Figure 1. Magnitude and phase of the target system and CFB method.
Real-time hybrid simulation of structure
Real-time hybrid simulation (RTHS) is an effective approach to validate dynamic structural
performance [17]. The complex (usually nonlinear) structural components that are difficult to
simulate numerically are physically modeled. The remaining parts of the structural system that
are easy to analyze are numerically modeled. A loop of action and reaction connects
experimental and numerical components using actuators and sensors. In RTHS, the experiment is
conducted in real time, enabling the evaluation of rate-dependent specimens such as damping
devices [18-20]. RTHS is used for all experimental studies considered in this paper.
Proposed Adaptive Controller
In this section, an adaptive control algorithm is proposed to estimate the dominant response
frequency of a structure in real time. The estimated frequency applied to the all-pass filter (CFB
model) to achieve desired causal RILD. By estimating the frequency of vibration, the true phase
advance of the noncausal model is more accurately applied. The combination of adaptive
estimation of the response frequency and the CFB model is referred to as the adaptive CFB (ACFB) model. The proposed adaptive controller is discussed as follows.
Adaptive V-D Controller
To approximate the dominant response frequency, relative displacement and relative velocity
measurements of the isolation layer are considered in this so-called V-D method. The dominant

frequency of vibration can be approximated by dividing root mean square (RMS) of velocity
signal by RMS value of displacement signal. By calculating a moving RMS of the velocity and
displacement, the dominant frequency can be updated in real time. This idea stems from
displacement and velocity being out of phase by π/2 radians and with an amplitude ratio of 1:ω
for a harmonic excitation of ω. At time ti, the response frequency ωf,i can be estimated from a
moving RMS of velocity divided by the moving RMS of displacement as shown in Eq. 5:
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where n is the number of samples for the moving RMS. If the sample length for the moving
RMS is taken as the fundamental natural frequency of the structure Tn and data is sampled at Δt,
then n = Tn / Δt + 1. Displacements and velocities can be directly measured by sensors or
estimated from other sensors using discrete derivatives or a Kalman filter.
Adaptive Controller Design Parameters
The data sampling rate and range of the adaptive controller should be designed to be both
accurate and computationally efficient. For the remainder of this study, the sampling rate is
selected as 500 Hz and the sampling range is selected as the fundamental natural period Tn of the
structure. Additionally, a saturation block is added to restrict the estimated response frequency to
a range of 0.1 and 5 Hz. This saturation limit avoids unrealistic drifts in frequency estimations
when the responses are low in amplitude (i.e., before and after significant structural responses).
Structural Models
A 14-story high rise building (Iidabashi First Building or IFB) is selected [21]. This structure has
an inter-story isolation layer installed between 9th and 10th story. Considering the scale of this
structure, 20 large-scale (200 kN) MR dampers are assumed in the isolation layer as
supplemental dampers. This structure is idealized as a 15-DOF lumped mass model which is
shown in Fig. 2. Assuming the superstructure is a fixed-base building, the stories above the
isolation layer have a fundamental natural frequency of 4.81 Hz and damping values are selected
to provide 3% damping in this mode. Including the isolation layer, the superstructure has a
fundamental natural frequency of 0.3 Hz and the viscous damping of the isolation layer is
selected to provide 5% damping in this mode. For the substructure (i.e. stories below the
isolation layer), the structure has a fundamental natural frequency of 1.02 Hz and damping
values are selected to provide 3% damping in this mode. Without considering the effects of
supplemental isolation-layer damping, the total IFB building has natural frequencies of 0.29 Hz,
1.05 Hz, 2.93 Hz, 4.95 Hz, 6.92 Hz, and 7.26 Hz in its first six modes corresponding to damping
ratios of 5%, 3.9%, 9.64%, 16%, 5.63%, and 22.4%. The fifth mode of vibration has significant
motion in the inter-story isolation layer, leading to the notably low damping ratios.
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Figure 2. Structural system of the IFB and related shear model [21].
The IFB structure is divided into two parts. The MR dampers are experimentally
represented while the remainder of the structures is numerically simulated in the RTHS loop. A
single MR damper specimen is used to represent all dampers because they will experience the
same displacement input.
RTHS Experimental Results and Discussion
In this section, the ability of the A-CFB model to mimic ideal RILD in a practical design will be
assessed and compared to fixed-frequency CFB model. Ideal RILD is evaluated using a
numerical model of the structure with ideal RILD (instead of MR damper) in the isolation layer.
This numerical model is noncausal and therefore evaluated in the frequency domain.
To investigate performance of adaptive algorithm, the IFB inter-story isolated structure is
subjected to 20% amplitude scaling of the Hachinohe record. As discussed in previous sections,
the fundamental natural frequency of the inter-story isolated building’s substructure (1.05 Hz) is
used in CFB model. This selection results in better forced-vibration responses. For this structure,
 is chosen as 0.6 and the adaptive controllers are designed with a sampling rate of 500 Hz and a
sampling range of 3.4 seconds. Figs. 3 and 4 show structural responses and estimated response
frequency for inter-story isolation layer when IFB structure is subjected to the Hachinohe record.
As it is clear from Fig. 3, both adaptive and fixed-frequency approaches resulted in
similar seismic performance when compared to the noncausal model. Fig. 4 shows estimated
response frequency in time from wavelet analysis using the noncausal isolation layer
displacement. Two major frequency ranges have the highest concentration of energy as indicated
by the wavelet analysis. The first one is around the fundamental natural frequency of the
structure (0.29 Hz) and the second one is at the substructure fundamental natural frequency (1.05
Hz). The A-CFB model predicts similar dominant response frequencies over time, matching well
with the wavelet transform. For the fixed CFB model, the substructure fundamental natural
frequency is used. The isolation layer response contains significant frequency content at this
forced frequency, resulting in a good match with adaptive and noncausal controller. The addition
of some frequency content at the fundamental natural frequency of the superstructure leads to a

slightly negatively skewed hysteresis as compared to noncausal and adaptive algorithms (see Fig.
3).

Figure 3. IFB isolation layer responses with applied 20% Hachinohe earthquake.

Figure 4.

IFB estimated response frequency with applied 20% Hachinohe earthquake.

To further investigate robustness of adaptive algorithm over a broad range of excitations,
the IFB inter-story isolated structure was subjected to 75% amplitude scaling of the Sakishima
record. This record is a predominantly low-frequency earthquake. Figs. 5 and 6 depict structural

responses and estimated response frequency for inter-story isolation layer. Because the entire
Sakishima ground motion is a 500 second record, time history responses of Fig. 5 are shown
between 150 to 300 seconds, the strong ground motion portion of the earthquake.
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Figure 5. IFB isolation layer responses with applied 75% Sakishima earthquake.

Figure 6.

IFB estimated response frequency with applied 75% Sakishima earthquake.

For the case of the Sakishima earthquake, the CFB model results in slightly higher
acceleration peaks and much higher displacement responses as compared to A-CFB and
noncausal simulation results. The CFB model produces a negatively skewed hysteresis, leading
to decrease in structural stiffness and increase in displacement responses. On the other hand, the
A-CFB model resulted in an in-phase hysteresis plot matching ideal RILD and therefore
achieving better displacement and acceleration responses. Fig. 6 shows estimated response
frequency by adaptive controller. As expected for this low-frequency ground motion, the
estimated response frequency is below the fundamental natural frequency of the substructure
(1.05 Hz) used in CFB controller. Therefore, the CFB model provides a phase advance greater
than 90° with respect to displacement (see Fig. 1), resulting in a negatively skewed hysteresis
and increased displacement responses. For this earthquake, better performance would be
achieved by selecting the natural frequency of the superstructure (0.29 Hz) for the CFB model.
This can also be confirmed by comparing the estimated response frequency obtained from
wavelet analysis which overlaps with the adaptive controller and is close to fundamental natural
frequency of the superstructure. However, this will degrade the performance of the CFB
approach for higher-frequency ground motions such as the Hachinohe record. As clearly shown
here, there is no compromise between low and high frequency content earthquakes for the ACFB approach. The A-CFB approach improves structural performance by applying the correct
phase advance, better mimicking ideal RILD responses.
Conclusions
This paper proposes an adaptive controller for the causal realization of rate-independent linear
damping (RILD). RILD is an attractive damping model for low-frequency structures because it
provides direct control over displacement; however, ideal RILD is noncausal. In this study, an
adaptive algorithm is used to estimate the dominant structural response frequency. The frequency
is calculated by dividing the moving root mean square (RMS) of the relative velocity by the
moving RMS of the relative displacement. The estimated frequency is then to apply a π/2 phase
advance to the displacement, approximating the Hilbert transform. The adaptive algorithm is
combined with a first-order all-pass filter to create an adaptive causal-filter based approach (ACFB) to approximate RILD in real time.
Real-time hybrid simulation (RTHS) is conducted on a 14-story inter-story isolated
building to evaluate the performance of the A-CFB model. Supplemental isolation-layer semiactive damping is used to track the A-CFB force. Results are compared to the fixed-frequency
CFB approach evaluated in RTHS, and the ideal RILD model evaluated numerically in the
frequency domain. Results show clear improvement of A-CFB model over the fixed-frequency
CFB model. The A-CFB model hysteresis better matches the ideal RILD hysteresis. As a result,
the A-CFB model reduces displacement and acceleration responses better than the CFB model.
The accuracy of the estimated response frequency is confirmed by continuous wavelet transform
analysis. Overall, the A-CFB model was shown to improve the performance of low-frequency
structures under earthquakes with a broad range of frequency content.
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