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Abstract Model-based feedforward—feedback tracking control has been shown as one of
the most effective methods for real-time hybrid simulation (RTHS). This approach assumes
that the servo-hydraulic system is a linear time-invariant model. However, the servo-control
closed-loop is intrinsically nonlinear and time-variant, particularly when one considers the
nonlinear nature of typical experimental components (e.g., magnetorheological dampers).
In this paper, an adaptive control scheme applying on a model-based feedforward—feedback
controller is proposed to accommodate specimen nonlinearity and improve the tracking per-
formance of the actuator, and thus, the accuracy of RTHS. This adaptive strategy is used to
estimate the system parameters for the feedforward controller online during a test. The robust
stability of this adaptive controller is provided by introducing Routh’s stability criteria and
applying a parameter projection algorithm. The tracking performance of the proposed control
scheme is analytically evaluated and experimentally investigated using a broadband displace-
ment command, and the results indicates better tracking performance for the servo-hydraulic
system can be attained. Subsequently, RTHS of a nine-story shear building controlled by
a full-scale magnetorheological damper is conducted to verify the efficacy of the proposed
control method. Experimental results are presented for the semi-actively controlled build-
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ing subjected to two historical earthquakes. RTHS using the adaptive feedforward—feedback
control scheme is demonstrated to be effective for structural performance assessment.

Keywords Adaptive control - Model-based tracking control - MR damper - Real-time
hybrid simulation

1 Introduction

Real-time hybrid simulation (RTHS), or hybrid testing, combining numerical simulation with
experimental testing, is an efficient and cost-effective methodology for evaluating the seis-
mic performance of structural systems. In a hybrid test, a part of the structural system (e.g.,
the critical components) is experimentally tested, while the rest is computationally simu-
lated. A numerical integration scheme is employed to obtain the displacement response of
the computational structure, which is then imposed on the experimental substructure. The
resulting restoring forces measured from the experimental components are then sent back
to the integration algorithm to calculate the command displacement for the next time step.
The key for RTHS is that the command displacements are imposed on the test specimen
by hydraulic actuators in real-time. During the test, the computation, communication, and
dynamics of the servo-hydraulic actuators cause time lag and delay between the displacement
commands and measurements. These time lag and delay can introduce negative damping
into the hybrid simulation, which would result in inaccuracies and potential instabilities.
Thus, various studies have been conducted to investigate compensation of the actuator delay,
including the polynomial extrapolation (Horiuchi et al. 1999; Nakashima and Masaoka 1999;
Darby et al. 2002), the phase-lead compensation (Zhao et al. 2003), the derivative feedfor-
ward compensation (Jung et al. 2007), and the inverse compensation (Chen 2007; Chen and
Tsai 2013). These studies have shown the challenges to achieve precise displacements in
RTHS.

Most tracking control schemes have employed a simple model to portray the experimental
system. Darby et al. (2002) demonstrated that the actuator delay depends on the current
stiffness of the specimen. Two learning gains approach was proposed to control a tradeoff
between the convergence rate and oscillation of the delay estimate. Ahmadizadeh et al. (2008)
estimated the actuator delay by using the slopes of the desired and measured displacements.
Chen and Ricles (2010) introduced an adaptive compensation scheme to minimize the actuator
delay over a tracking indicator that was developed by Mercan and Ricles (2007). Chen and
Tsai (2013) applied an adaptive control theory to obtain the delay constant online through a
gradient adaptive law. These methods only adjust one parameter to realize an adaptive control
scheme.

More effective compensators have been explored by the researchers using the linearized
servo-hydraulic system model. Carrion and Spencer (2007) proposed a model-based com-
pensation strategy by considering the dynamics of the servo-hydraulic system over a broad
frequency range. The transfer function of the servo-hydraulic system was derived from sys-
tem identification tests. The feedforward controller was realized by inverting the transfer
function in series with a unity-gain low-pass filter to make the controller proper. Phillips and
Spencer (2012) further improved the model-based tracking control framework by employ-
ing the displacement, velocity, acceleration, and higher order derivatives to implement this
improper inverse model. The derivatives were taken directly from an integration algorithm.
These two studies have demonstrated that the higher-order implementation compensates the
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servo-hydraulic system fairly well and extends the applicable frequency range as compared
to other approaches.

Adaptive control combines a parameter estimator and a control law, providing an advanced
approach to the model-based control scheme in RTHS. The parameter estimator generates
parameter estimates online, while the control law stabilizes a time-variant system. The con-
troller can be implemented on the system directly or indirectly. The estimate is used in the
control law without intermediate calculations for direct adaptive control, whereas it needs
additional calculations of control parameters for indirect adaptive control. The design phi-
losophy of adaptive control can be divided into four steps: (1) initialize the parameters in
the controller; (2) design the adaptive law to estimate the unknown parameters; (3) update
the unknown controller parameters by the estimates; and (4) check the stability property
of the controlled system. Adaptive controllers can effectively eliminate tracking errors of
time-variant or nonlinear systems by self-tuning of parameters; however, their complexity
induces more difficulty in implementation than that of traditional linear controllers with fixed
parameters.

In this study, an adaptive control scheme that contains an adaptive control law and the
feedfoward—feedback controllers is proposed for RTHS. The dynamics of the servo-hydraulic
system would vary during a hybrid test due to the nonlinearity of the experimental specimen
such as a magnetorheological (MR) damper (Yang et al. 2002; Carrion and Spencer 2007;
Phillips and Spencer 2012). In previous work, a linearized model of the servo-hydraulic
system was adopted to accommodate such nonlinearities. However, if the nonlinearities are
significant, this linearized approach may not be robust and accurate enough for RTHS. In
order to solve this problem and improve the tracking performance of actuators used in RTHS,
an adaptive control scheme is proposed in this study. This control scheme applies the adaptive
control theory to the feedforward controller. A 3rd-order feedforward controller using the
central difference method (CDM) integration algorithm is adopted to compensate the servo-
hydraulic system. The adaptive control strategy is used to online estimate the system parame-
ters for the feedforward controller. In addition, the projection algorithm is employed to avoid
the instability of the adaptive feedforward controller. Moreover, a feedback controller derived
from the linear-quadratic-Gaussian (LQG) control algorithm is used to further eliminate the
system and modeling uncertainties. A complete adaptive control scheme is composed of the
adaptive feedforward controller with a LQG feedback controller. The tracking performance
of the adaptive controller is evaluated in time domain using a predefined band-limited white
noise (BLWN) displacement command history. The root-mean-square (RMS) error is used to
explore the tracking performance between the desired and measured displacements. Finally,
large-scale real-time hybrid tests for a nine-story steel frame benchmark shear building are
conducted to verify the adaptive model-based actuator control strategy.

2 Adaptive law with projection

Adaptive control, a combination of a parameter estimator and a control law, can provide a
solution to a complex control problem that needs good understanding of the system prop-
erties. The model-based feedforward controller (Phillips and Spencer 2011) is developed
by a system identification process which provides prior and sufficient information about the
servo-hydraulic system required by the adaptive control law. In this study, the servo-hydraulic
system is modeled as a three-pole transfer function. The estimated parameters calculated by
the adaptive law are used in the feedforward controller to improve the tracking performance
of a nonlinear system. The implementation is considered as a direct adaptive control because
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Fig. 1 Tllustration of direct adaptive control

no immediate calculation of the estimates is necessary. Figure 1 illustrates the block diagram
of the direct adaptive control scheme in this study. Four conditions are taken into account in
the adaptive control strategy (1) a numerical model of the feedforward controller containing
uncertain parameters, (2) the boundary condition of the parameters for the system stability,
(3) the adaptive control law, and (4) the projection algorithm for the adaptive control law.
The remainder of this section addresses each of these points.

2.1 Feedforward controller

The feedforward controller, proposed by Phillips and Spencer (2011), is designed to cancel
the modeled dynamics of the servo-hydraulic system. The servo-hydraulic system can be
represented by a transfer function form as

RuS™ 4+ npy_1s™ V4 -+ nys + ng
dps" +dp_15" L4+ + dis + do

where d,,, ..., dy and n,,, .. ., ng are the coefficients in the denominator and the numerator,
respectively. The parameter s is a complex number in the Laplace transform. If n = m, the
system is proper. Three-pole non-zero models (n = 3 and m = 0) have been found sufficient
enough from the previous research (Phillips and Spencer 2011). The feedforward controller
is taken as the inverse of servo-hydraulic system, and the transfer function can be therefore
written as

Gu(s) = M

dzs® + dos? + dys + d,
Grr(s) = = : n : = 35> + ars® + ars + ag (2)
0

where as, ..., ap are the coefficients for the feedforward controller. Obviously, the feed-
forward controller is improper by three degrees. The magnitude of an improper controller
approaches to infinity as the frequency approaches to infinity. In addition, the feedforward
controller is formed by displacement, velocity, acceleration, derivative of the acceleration
in time domain. Thus, implementing an improper controller is not feasible. Phillips and
Spencer (2011) used the CDM with a linear acceleration extrapolation to calculate the neces-
sary higher-order derivatives. Subsequently, the feedforward controller in discrete time can
be expressed as

K = (a0 + 220+ 2% 4 B eppg 4 (20 222 D) )
MR = O T AT T A2 T as ) 2At Ar? N

(2 dar Ba) o (2N T2 TS 3 )
2ay  4ay  3a3\ i el Bl W
At A2 AP 2At A2 AP

where At is the sampling period of the discrete system; x[k], x[k — 1], x[k — 2] and x[k—3]
are the command displacements at the k-th, (k-1)-th, (k-2)-th and (k-3)-th step, respectively.
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Table 1 Routh’s array of the

servo-hydraulic system $3 a3 aj
52 ap 1
1 ajay—a3
s i
0

2.2 Stability constraint

The stability of the feedforward controller is investigated by applying the Routh’s stability
criteria. The feedforward controller is developed by inverting the transfer function of the
servo-hydraulic system in which the poles can be assigned in the left half plane in s-domain
to ensure the system stability. However, these parameters could vary significantly during
the process of parameter estimation, and thus the derived controller may be unstable. To
address this issue, the Routh’s stability criteria are used to limit these parameters and to
ensure the stability of the adaptive feedforward controller. In this approach, the DC gain of
the servo-hydraulic system is assumed to be equal to one. By arranging the coefficients of the
characteristic equation of the transfer function, the Routh’s array can be formed as shown in
Table 1. The number of sign changes in the first column in Table 1 indicates the number of
unstable poles in the transfer function. To meet the stability condition, the parameters must
satisfy the three inequalities as

a >0; a3 >0; aa—a3 >0 “4)

The three inequalities become the pre-defined upper and/or lower bounds to constrain the
online estimation within these boundaries. Consequently, the stability margin of the parame-
ters for the feedforward controller is confirmed.

2.3 Gradient adaptive control law

The static parametric model (SPM) is formed in order to apply the adaptive control law. The
first step in the online parameter estimation is to separate the unknown parameters from the
known signals. For a three-pole model, the relation between the input u and the output y is

described as 1

= u
Y a3s3 + axs? +as + ao

The SPM can be obtained by separating the parameters from the input and output signals

(&)

u:[a3 a ai ao][53y 52)’ sy )’]T ©)

It is found that improper terms are included in the right-hand side in Eq. 6. For this reason,
a 3rd-order low-pass filter 1/A(s) is applied on each term to make them proper where A (s)
is a Hurwitz polynomials that all poles are located in the left-hand side of the s-plane. In this
study, A(s) is selected as (s + 1)3. Consequently, the parametric model after filtering both
sides by 1/A(s) is given by

u _ $3 52 K 1 ]T
AG) [“3 a ai ao] [ Y AmY A7) AmY N
or equivalently,
z=0"w ®)
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where z and w are known signals; and §* contains all the unknown parameters to be estimated.
The estimate of z is generated from the estimation model by replacing the unknown parameter
0* with its estimated parameter, 0(¢), i.e.,

z=0'w ©

where Z is the estimate of z. The difference between z and z results from the difference
between §(7) and @*. It appears that the estimate Z approaches to z as @(¢) approaches §*.
Nevertheless, the difference between 0(r) and @* is not available because §* is unknown.
Therefore, the estimation error &, which can be obtained from the available measurements,
is defined as A ’

z 2z _Z 0'w (10)

&
m2
s s

m

where m? > 1is the normalizing signal designed to bound w/m even when w is not bounded.
Typically, ms2 = 1 + aw'w is suggested where « is a real number larger than zero.

The gradient algorithm with instantaneous cost function is utilized in this study because
its parameter convergence has been proved mathematically (Ioannou and Fidan 2006). The
cost function can be written by

soy = s L G0
o2 2m?

(In

The gradient algorithm is used to minimize the cost function with respect to the parameter
vector § and given by

6 =-TVJ(@®) =Tew (12)
where I is the adaptive gain matrix. More details about the proof of parameter convergence
can be found in Ioannou and Fidan (2006).

2.4 Parameter projection

In addition to the aforementioned stability constraint, the parameter estimates can be addi-
tionally bounded by a priori knowledge of the servo-hydraulic system. The gradient algorithm
with projection is computed by minimizing the cost function with a convex subset of con-
straints S defined as

S = {0 € R"|g(8) <0} 13)

where g is a smooth function mapping from R" to R. Figure 2 illustrates the parameter
projection in the subspace of S where Pr() represents the projection operator. When the esti-
mated parameters approach to the boundary of S, the derivatives of the estimated parameters
are projected to the tangent direction of the boundary of S. To ensure that the estimated
parameters are always bounded within S, the gradient adaptive algorithm in Eq. 12 can be
modified as

. Vevel . (14)
Few FVgTrVg Lew otherwise

r i 0 0 and (Tew)T Vg <0
é:Pr(—rVJ(e))[ - £8(®) <0 or {6)20 and (Few)” Vi <0}

The possible parameter drifts caused by modeling errors can be eliminated by applying
parameter projection algorithm in order to constraint the estimated parameters inside a subset
of the parameter space. Consequently, the resulting parameters are always bounded within
the stable region at each time step. Figure 3 illustrates the control scheme in this study. By
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Fig. 2 Tllustration of parameter projection
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Fig. 3 Adaptive model-based feedforward and feedback control scheme

utilizing this adaptive law, the adaptive control scheme can be applied to the model-based
feedforward controller.

3 Analytical studies

This section investigates the feasibility of the proposed adaptive control algorithms numeri-
cally. Four cases of actuator compensation schemes were used: (a) feedforward controller, (b)
feedforward controller and feedback LQG controller (Phillips and Spencer 2012), (c) feedfor-
ward controller with adaptive control algorithm, and (d) feedforward controller with adaptive
control algorithm and feedback LQG controller. In this analysis, the tracking performance
among these four schemes was evaluated and discussed.

To minimize the errors between the command and measurement, the feedback LQG control
was employed. This minimization process attempts to compensate the specimen condition
changes, modeling errors, sensor noise, and disturbances. First, the model for designing
the feedback controller was obtained from the identified system. The LQG controller was
then developed by a two-step approach. The first step utilized the linear-quadratic-regulator
(LQR) control theory to obtain a state feedback gain, while the second step facilitated the
Kalman filter design to establish an observer. By combining the LQR state feedback gain
with the Kalman observer, a model-based feedback controller can be created to perform better
displacement tracking for the servo-hydraulic actuators. To further consider the controller
robustness, an input shaping filter was incorporated in the identified model. The details
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have been well documented in Phillips and Spencer (2011). In RTHS, amplifying the high-
frequency components appropriately can further extend the tracking capability; however,
these high-frequency components may introduce instability to the system due to the modeling
errors. Moreover, a LQG controller with a high control authority could significantly increase
the high-frequency components to the system. These components would generate a lead
phase in the high frequencies, resulting in an instability issue to the system. In this regard,
the LQG feedback controller with a moderate control authority was used in this study. The
LQG controller can fit well to the feedforward—feedback control scheme.

The transfer function of a servo-hydraulic system in Carrion and Spencer (2007) and
a perturbed system were adopted to investigate the feasibility of the adaptive control law
through the analytical studies. In the analyses, the feedforward controller was given by

_ 6.12 x 10
T §3 4 34852 4+ 73770s + 6.12 x 100

Gp(s) 15)
The three poles of the identified plant are —162.24,and —110.88 + 159.46i, where i2=—1.
It indicates that a3 = 1.634 x 1077, ay = 6.275 x 1077, a; = 0.01204, and ap = 1. To
consider a modeling error between the identified model and the nominal plant, the nominal
plant was assumed as

5.2 x 100

16
s3 +360s2 + 645005 + 5.2 x 10° (16)

Gp(s) =

The three poles of the nominal plant are —160, and —110 £ 150i, resulting in a3 = 1.923 x
1077, ay = 6.923 x 1073, a; = 0.0124, and agp = 1. The upper and lower bounds for
the parameters a3, az, and a; were determined by the priori knowledge of the identified
transfer function. Subsequently, the parameters were assumed to be bounded within the pre-
determined boundaries such as L3 < a3 < Uu3, Ly < ay < Ugp,and Ly < ap < Uy It
is noted that only the diagonal terms in the adaptive gain matrix was considered for simplicity.
The parameter projection algorithms were finally obtained by combining the constraints from
Eq. 4 and 14 as

{ ysews if(Lg3 < az< Ugz) N (a3 < araz) or (a3 < La3) N (0 < yzews)
az = or (Ugs < a3) N (ysewz <0)  or (@12 < a3) N (y3ews < 0)
0 otherwise

yeews if(Lay < do< Ug) N (a3 < @1az) or (a2 < La) N (0 < yrewn)

a = or (Uaz < a2) N (yaewy <0) or (a1 < a3) N (0 < aryrews)

0 otherwise

view) if(Lqgi < ai< Ua) N (a3 < aiaz) or(ar < Lai) N0 < yrewy)

ap = or (Ug <a1) N (yiew; <0) or (a1ax < a3) N (0 < azyrewr)  (17)
0 otherwise

where a1, a», and a3 are the estimated parameters of ai, a, and as, respectively. y1, 2, and
ys are the adaptive gains for ay, az, and az. Note that the parameter ag represents the DC gain
of the transfer function (see Eq. 5). Therefore, ag remained identical to the identified model.
In the simulations, the boundaries 5 x 10~8 < a3 <3x1077,5 x 1075 < ar < 8 x 1073,
and 0 < a3 < 0.02 were used. It is noted that in real application, the upper and lower bounds
of each parameter can be determined from the system identification tests.

The configuration of the analytical studies is described in the following. The input exci-
tation needed to be at least sufficient rich (SR) of order 4 because there were four unknown
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Table 2 Tracking performance

tati P v
in terms of RMS error in the Excitation (Hz) Controller for the MR damper RMSerror (%)

simulations ) FE 0.788
FF + Adaptive 0.450

FF 4+ LQG 0.404

FF + Adaptive + LQG 0.391

5 FF 1.863
FF + Adaptive 0.801

FF + LQG 0.483

FF 4 Adaptive +LQG 0.403

10 FF 3.949
FF + Adaptive 1.370

FF 4+ LQG 0.753

FF + Adaptive +LQG 0.444

20 FF 8.285
FF + Adaptive 1.234

FF + LQG 1.754

FF + Adaptive +LQG 0.461

30 FF 11.903
FF + Adaptive 9.637

FF + LQG 5.019

FF + Adaptive +LQG 3.884

parameters. In this simulation, the chosen input was given by
1
r(t) =sin2r ft) + 5 cos( ft), unit: mm (18)

where f is the input frequency in the unit of Hz. Equation 18 implies that the persistently
exciting (PE) condition of the signal w/mg was held as the input was SR of order 4. The
PE condition required positive-definite integral over any interval of time (Ioannou and Fidan
2006). As aresult, § was expected to approach to §* as time goes to infinity, and the estimated
parameters converged to the real system parameters exponentially because the PE condition
was satisfied. All the numerical simulations were conducted with a 0.005 s. time step . The
ode5 (Dormand-Prince) solver was adopted. The adaptive gains for each case were obtained
by trial and error.

The tracking performance of the test system in the simulation was investigated by using
the root-mean-square (RMS) error. The RMS error was defined as

N

(xe[k] — xmlk])?
k=1

RM Serror (%) = %100 % (19)

N
> xc[k]?
k=1

where x.[k] and xp, [k] are the command and measured displacements at the step k, respec-
tively. Table 2 shows the RMS error of the tracking performance in each case. Obviously,
the feedforward controller with the adaptive laws performed better than the feedforward
controller only. In addition, the feedback LQG controller further improved the tracking per-
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Fig. 4 Time history of parameter estimates from one of the cases in the simulation

formance of both the feedforward controller with and without the adaptive laws. A set of
progressive gains was also examined in the numerical simulation. As shown in Fig. 4, the esti-
mated parameters converge within a small period. This figure shows the parameter estimates
from the case (d) with the 30 Hz excitation. Each parameter oscillates in the very beginning
and then converges to the exact given value. In practice, the adaptive gains must be carefully
tuned to prevent the system from oscillating and damaging the specimen.

In summary, the adaptive control law is shown to improve the tracking performance of
the model-based feedforward and feedback control scheme in the analytical studies.

4 Experimental setup

All the experiments in this study were conducted by using the facility at the University of
Illinois. In the test setup, a second generation, large-scale 200 kN MR damper was attached
with a 556 kN (125 kips) hydraulic actuator as shown in Fig. 5. The MR damper was manu-
factured by the Lord Corporation and had a stroke of 292 mm (+£13 in). The input currents
to the MR damper were operated by a pulse-width modulator, which was comprised of an
Advanced Motion Controls model PS2 x300W unregulated power supply providing 80 VDC
to an Advanced Motion Controls model 20a8 analog servo-drive. In this study, the input
currents were limited between 0 and 2.5 Amps. The overall setup allowed researchers to
explore semi-actively controlled structures using a single MR damper. More details about
this MR damper can be found in Yang et al. (2002) and Phillips and Spencer (2012).

The actuator used in this setup was rated for dynamic testing. The double-rod, double-
acting actuator, which was manufactured by the Shore Western Corporation, is comprised
with a stroke of +152.4mm (£6in) and an effective piston area of 271 cm? (42in?). A
Schenck-Pegasus model 1,800 three-stage servo-valve rated at 300 lpm (80 gpm) was in
charge of directing the hydraulic flow to both actuator chambers. A proportional-integral-
derivative (PID) control loop was implemented to realize displacement feedback control in
an 1104 digital servo controller which was also made from the Shore Western Corporation.
In the PID loop, only the proportional gain was tuned and assured to be suitable for the RTHS
testing.

The tracking performance and real-time hybrid testing in this study were carried out in a
dSPACE model 1103 DSP board with a PPC 750GX processor. An I/O board CLP1103 was
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Fig. 5 RTHS experimental setup at the University of Illinois

Advanced Motion Controls
model

used to communicate with the servo-controller. This dSPACE system enabled the numer-
ical model, additional actuator control loops, and data acquisition by programming block
diagrams in Simulink and MATLAB. While testing, the dSPCAE’s ControlDesk software
allowed adjusting parameters, collecting data, and displaying results in real-time. The entire
dSPACE system was also capable of handling all I/O channels with a sampling rate of 2,000 Hz
in this study.

5 Tracking performance testing

The tracking performance testing was conducted to investigate the stability and performance
of the proposed adaptive control scheme prior to the RTHS. In this validation, system iden-
tification tests were first performed to determine the initial parameters for the feedforward
controller, as well as the boundary conditions for the parameter estimates. Then, the tracking
performance of each tracking control scheme was evaluated. Finally, the necessity of using the
adaptive control scheme is addressed through the closed-loop frequency response functions.
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Fig. 6 Transfer functions of the servo-hydraulic system and the identified models: a 0 Amp b 2.5 Amps, and
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5.1 System identification

System identification tests were conducted to identify the servo-hydraulic system used in
this study. A transfer function from the commanded to the measured displacements was used
to represent the servo-hydraulic system. This transfer function considered the dynamics of
the actuator, servovalve, PID controller, physical specimen, and measuring instruments. The
input command displacement was a BLWN, with a range from 0 to 50 Hz and a RMS power of
0.165 mm. The dSPACE system was used to generate the commanded signal and measure the
responses at a sampling rate of 2,000 Hz. While processing data, the displacement histories
were appropriately down-sampled to 100Hz and then converted into a transfer function.
The transfer function was calculated with a reasonable set of parameters. In this study, 512
FFT points, a Hanning window with 50 % overlap, and 60 averages were used in system
identification. A higher number of FFT points (e.g., 1,024 points or more) can also be used
to further check the quality of the identified model. Three cases of input current for the MR
damper were adopted: (a) 0.0 Amp (passive-off), (b) 2.5 Amps (passive-on), and (c) a pulse
between 0.0 and 2.5 Amps at 0.5Hz. A system identification toolbox, MFDID (Kim et al.
2005), was utilized to fit the experimental transfer function data for a single-input single-
output model with selected numbers of poles and zeros. In the study, the identified model
employed three poles and no zero. The identified models of the three cases are given by

Gons) 1.936 x 107
S) =
oA (s + 196.6) (s2 + 222.95 + 1.003 x 105)
1.984 x 107
G s) =
25800 = (05 6) (s> + 35535 + 1.381 x 10°)
1.998 x 107
Gpulse(s) = (20)

(s 4+ 172.7) (s® + 354.95 + 1.178 x 10)

Figure 6 shows the transfer functions of the servo-hydraulic system and the corresponding
identified models under the three scenarios of MR damper current inputs. As shown in
this figure, both the magnitude and phase of the model fit the transfer function well as
the frequency is lower than 35Hz. The coefficients of the feedforward controller and the

@ Springer



Bull Earthquake Eng (2015) 13:1633-1653 1645

L e e T R o
£ ! ! ! ! — calculated ----- 15Hz-BLWN --=-- 5Mz-BLWN !
E | | | | : : | | | |
i S M S Lo R e S
o | | | | | | | | | |
T | | | | | | | | | |
2 05------ e R i bl R i e oo i
[= i i i i i i i i i i
(=)} I I I I I I I I I I
1] | | | | | | | | | |
= | ! ! | | | | | | j
0 5 10 15 20 25 30 35 40 45 50
Frequency (Hz)
180 ---- oo o oo e T
! ! ! ! ~— calculgted ----- 15Hz-BLWN =-==-= 5Hz-BLWN !
o 90 P i R [ P EER TR [ S :
0 I I I I I I I I I I
i) | | | | | | | | | |
o Ol e s (e (e pemes s e i
7] | ""'n-...._._._\ | | | | | | |
g i i i i i i i i i i
& 90— o FRRREE boooeoee boomeees R ERRREE fommeees boomeoe- IR :
180 } ! ! i | | | | | j
0 5 10 15 20 25 30 35 40 45 50
Frequency (Hz)

Fig. 7 Design of the LQG feedback controller compared to the experimental results

upper and lower bounds for the estimated parameters a1, a», and a3 can be then determined
based on the identified model. Therefore, the boundaries 5.004 x 1078 < 43 < 5.166x 1078,
2.167x107° < Gy < 2.640x107>,and 7.445x 1073 < 4; < 9.566 x 103 were adopted for
Eq. 17. Similar to the numerical simuluation, the CDM and linear acceleration extrapolation
was used to realize the feedforward controller. The initial and boundary conditions of the
estimated parameters were then determined for each test case.

5.2 Tracking performance

Prior to implementing the feedforward controller with a feedback LQG controller, the con-
trol performance of the feedforward—feedback controllers was first explored. As mentioned
earlier, the LQG feedback control was designed with a moderate authority. Figure 7 demon-
strates the LQG control design in the closed-loop compensation with the feedforward control
included. The transfer function (labeled as “calculated” in Fig. 7) was derived from a combi-
nation of the experimental data and numerical calculation. For example, the uncompensated
system (i.e., the plant) employed the experimental results obtained from the system identi-
fication tests, while the transfer functions of the feedforward and feedback controllers were
numerically generated. In this transfer function, the magnitude remains unity over 0-50 Hz,
and the phase almost stays at 0° in the same frequency range. It indicates that the LQG
controller was appropriately designed. To validate the feedforward—feedback controllers,
BLWN signals with 5 and 15Hz cut-off frequencies were employed to excite the system.
The magnitudes of the transfer functions are almost unity over both frequency ranges, while
the phases are slightly off from 0° due to the fact that the pulse currents introduced variant
dynamics into the MR damper. Therefore, the differential dynamics induced by the variable
currents to the MR damper required additional control regulator such as the proposed adaptive
method.
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Table 3 Tracking performance for predefined displacement time histories

Current Controller RMS error (%)
5Hz BLWN 15Hz BLWN
0Amp FF 1.909 3.567
FF + Adaptive 1.984 3.533
FF + LQG 1.775 2.900
FF + Adaptive + LQG 1.809 2.899
2.5Amps FF 2.962 4.790
FF + Adaptive 2.794 4.887
FF + LQG 2.799 4.402
FF + Adaptive + LQG 2.741 4.482
Pulse FF 3.174 6.261
FF + Adaptive 3.161 6.216
FF + LQG 2.850 5.221
FF + Adaptive + LQG 2.776 5.168

The tracking performance of each controller scheme was investigated with respect to the
RMS error in time domain. A wide variety of tests were carried out as listed in Table 3. In
each test, the height of power spectral density of the input BLWN was remained identical.
The duration of excitations was 120 s. Four control strategies were evaluated with three
scenarios of input currents to the MR damper. Table 3 indicates that the adaptive control
law may not always improve the tracking performance for the two constant input current
scenarios because linear models for the passive-off and passive-on cases are good enough
within the test frequency range. On the contrary, the adaptive control law always improves
the tracking performance for both feedforward controller only and feedforward—feedback
controllers in the pulse input current cases. This table also demonstrates that the direct
adaptive control scheme can effectively parameterize the feedforward controller with respect
to the model-based inverse transfer function when the nonlinearity of the MR damper becomes
significant. Figure 8 shows the time history of the estimated parameters for the case of adaptive
feedforward controller and feedback LQG controller under the 15 Hz BLWN displacement
input and pulse input current for the MR damper. The black dash lines are the upper and lower
bounds obtained from the system identification tests. Apparently, the estimated parameters
vary from time to time because the pulse input current yields the changes of the MR damper
characteristics as a function of time.

6 Real-Time hybrid testing

A nine-story steel frame benchmark shear building (Ohtori et al. 1994) was selected to further
verify the performance of the adaptive model-based control strategy for RTHS. The first five
natural frequencies of the structure were 0.443, 1.18,2.05, 3.09, and 4.27 Hz, while all modes
were assigned with 2 % damping ratios. For the ground excitation, the far-field 1940 El Centro
and near-fault 1995 Kobe earthquake records were selected to evaluate seismic performance
of the building, as shown in Fig. 9. The intensity of the records was adjusted by a factor of 0.2
and 0.5 in order to investigate the robustness of the proposed adaptive model-based control
scheme.
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Fig. 9 Ground acceleration time histories: a 1940 EI-Centro, and b 1995 Kobe

The real-time hybrid simulation validation testing aimed at evaluating the seismic per-
formance of the benchmark building controlled by MR dampers. In this control application,
the maximum damper force was determined as 10 % of the building weight, i.e., 4,410 kN.
Thus, total 18 MR dampers with a force capacity of 200 kN were placed in parallel and
installed at the 1st floor. Both passive-mode and semi-active control strategies were evalu-
ated in the RTHS. The passive mode only considered the passive-on case with a constant input
current of 2.5 Amps. The semi-active control utilized the clipped-optimal control algorithm
(Dyke et al. 1996). Both the feedforward and feedback LQG controllers in the RTHS and the
aforementioned tracking performance tests were identical. The numerical model, structural
control algorithm, and adaptive model-based controller were implemented in dSPACE with
a 2,000-Hz sampling rate.

6.1 Semi-active controller design

To demonstrate the proposed tracking control scheme, a semi-active control strategy was
performed in this RTHS. The semi-active control strategy used in this study was a combi-
nation of the LQG and clipped-optimal control algorithm. The LQG design was focused on
the minimization of the floor accelerations, while the feedback measurements in the LQG
controller were all absolute floor accelerations. More details of the control development can
be found in Dyke et al. (1996). To input the appropriate current to the MR damper, the control
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Table 4 Tracking performance for the RTHS subjected to El Centro Earthquake

Current Controller RMS error (%)
El-Centro x 0.2 El-Centro x 0.5

Passive-on FF 2.131 0.809

FF + Adaptive 1.551 0.792

FF + LQG 1.514 0.590

FF + Adaptive + LQG 1.527 0.578
Semi-active control FF 0.909 0.402

FF + Adaptive 0.878 0.387

FF + LQG 0.839 0.304

FF + Adaptive + LQG 0.820 0.292

Table 5 Tracking performance for the RTHS subjected to Kobe Earthquake

Current Controller RMS error (%)
Kobe x 0.2 Kobe x 0.5

Passive-on FF 1.083 0.828

FF + Adaptive 1.065 0.822

FF + LQG 0.892 0.476

FF + Adaptive + LQG 0.879 0.470
Semi-active control FF 0.808 0.887

FF + Adaptive 0.791 0.777

FF + LQG 0.649 0.672

FF + Adaptive + LQG 0.632 0.576

strategy adopted the clipped-optimal control algorithm which was proposed by Dyke et al.
(1996) and given by
id :imaxH{(fd_fm) fm} (21)

where iq is the desired input current, ipax is the maximum input current (i.e., 2.5 Amps in
this study); fy is the desired control force that was calculated based on the LQG control
algorithm; f;, is the measured force, and H is the Heaviside function.

6.2 Experimental results

The tracking performance in RTHS is first investigated. Table 4 demonstrates the RMS
errors in the tests subjected to the El Centro earthquake. With the adaptive law, the RMS
errors can be effectively reduced in RTHS. Relatively large RMS errors are also found in
all tests under 0.2-intensity seismic excitation because of a larger noise-to-signal ratio in
the load cell. Meanwhile, the RMS errors in the tests under 0.5-intensity excitation are
within 1 %, indicating that accurate displacements were imposed on the MR damper in the
RTHS. In the semi-active control cases, the adaptive control scheme performs even better
than the passive-on cases in all tests. These tests successfully demonstrate the robustness of
the proposed adaptive control scheme. Moreover, Table 5 shows the RMS error in the tests
subjected to the Kobe earthquake. Due to the near-fault seismic effect, the Kobe earthquake
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Fig. 11 Structural response obtained from the uncontrolled building, passive-on control, and semi-active
control under the El Centro earthquake

record would result in significant displacements in the building. Even though the impulse-like
displacements were observed in these tests, the adaptive control scheme still decreases the
RMS errors as compared to the non-adaptive control schemes. Furthermore, the RMS errors
are much lower in the tests under 0.5-intesity excitation particularly in the cases with the
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Table 6 Semi-active control performance under the El Centro excitation

Control method 1F 2F 3F 4F 5F 6F 7F 8F 9F

Max. displacement (mm)

Uncontrolled 4446 73.37 99.50 123.26 142.42  155.76  162.25 175.39 201.09

Semi-active 17.64 3238 4836  63.58 76.43  89.01 104.72 120.35 132.07
Max. drift (mm)

Uncontrolled 4446 28.94 2644  24.87 21.94 2599 3190 34.13  29.15

Semi-active 17.64 1540 16.44 16.09 15.87 16.37 17.28 19.45 18.66
Max. floor accelerations (m/sz)

Uncontrolled 1.75  2.11 2.22 2.44 2.51 2.35 1.80 247 3.31

Semi-active 2.22 1.59 1.98 1.97 2.18 2.34 1.66 2.14 2.25
Max. base shear (kN) Max. overturning moment (kN-m)

Uncontrolled 3446.57 134250.38

Semi-active 3245.44 87546.04
R.M.S. displacement (mm)

Uncontrolled 0.10 0.16 0.22 0.28 0.33 0.38 0.43 0.49 0.54

Semi-active 0.04 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27
R.M.S. drift (mm)

Uncontrolled 0.10  0.06 0.06 0.06 0.06 0.06 0.07 0.08 0.07

Semi-active 0.04 0.03 0.03 0.04 0.03 0.03 0.04 0.04 0.04
R.M.S. floor accelerations (10*3 X m/s2)

Uncontrolled 3.78  5.01 5.51 5.52 5.23 4.85 4.41 5.39 8.25

Semi-active 274 287 3.28 3.16 3.37 3.56 3.28 3.45 4.50
R.M.S. base shear (kN) R.M.S. overturning moment (kN-m)

Uncontrolled 8.69 324.65

Semi-active 5.81 181.33

adaptive law. Figure 10 shows the partial time histories of MR damper accelerations under the
0.5-intesity El Centro earthquake excitation when the MR damper was controlled using the
clipped-optimal control algorithm. In this figure, the errors are normalized by the maximum
measured accelerations which are obtained from the derivative of measured displacements.
Obviously, the proposed adaptive tracking control scheme demonstrates reduced errors as
compared to other actuator control schemes. In short, the proposed adaptive control scheme
further improves displacement tracking, as well as velocities and accelerations in the RTHS.

As the proposed adaptive tracking control scheme has been demonstrated to be capable of
imposing accurate displacements, the following results of the semi-active control implemen-
tation are derived based on this tracking control scheme in RTHS. Figure 11 shows the roof
driftand 7F acceleration time histories of the uncontrolled building and the controlled building
with the passive-on and semi-active strategies subjected to the El Centro earthquake record.
As shown in this figure, the semi-active control strategy can surpass the passive-on case in
structural response reductions. To further investigate the semi-active control effectiveness,
Table 6 lists the maximum and root-mean-square (RMS) responses between the uncontrolled
and semi-active control cases in both earthquake events. The developed semi-active control
strategy demonstrates significant reductions in the structural responses against the earthquake
loading. For example, the semi-active control strategy has a 35 % reduction in the maximum
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Table 7 Semi-active control performance under the Kobe excitation

Control method 1F 2F 3F 4F SF 6F 7F 8F 9F

Max. displacement (mm)

Uncontrolled 7246 113.77 141.77 157.08 170.83 185.55 199.98 24936 317.11

Semi-active 29.32 5451  76.61 98.59 124.06 146.69 177.55 217.76 249.65
Max. drift (mm)

Uncontrolled 7246 4131  33.83 3495 35.85 4332  61.13  81.51 81.82

Semi-active 29.32 2573 2594  27.96 29.85 32.69 3956 52.17 56.36
Max. floor accelerations (m/sz)

Uncontrolled 5.53 6.79 6.40 6.09 5.66 5.40 4.22 4.74  10.19

Semi-active 5.00 5.23 4.57 3.71 4.55 3.98 3.78 4.48 7.35
Max. base shear (kN) Max. overturning moment (kN-m)

Uncontrolled 10873.08 386711.20

Semi-active 9586.52 288970.72
R.M.S. displacement (mm)

Uncontrolled 0.16 0.26 0.34 0.42 0.48 0.53 0.59 0.68 0.78

Semi-active 0.06 0.11 0.16 0.21 0.26 0.31 0.36 0.41 0.47
R.M.S. drift (mm)

Uncontrolled 0.16 0.10 0.09 0.09 0.09 0.10 0.14 0.17 0.15

Semi-active 0.06 0.05 0.06 0.06 0.06 0.06 0.07 0.08 0.08
R.M.S. floor accelerations (10*3 X m/sz)

Uncontrolled 8.52 11.44 1250 12.44 11.46  10.03 8.64 10.19 17.89

Semi-active 5.18 5.46 6.40 6.71 6.47 6.39 6.33 6.21 9.22
R.M.S. base shear (kN) R.M.S. overturning moment (kN-m)

Uncontrolled 16.26 662.56

Semi-active 10.06 353.90

roof displacement in the El-Centro earthquake, and the maximum overturning moment is
decreased to 65 % of the uncontrolled building. For the floor accelerations, the semi-active
control strategy meets the design control objective that all RMS floor accelerations are effec-
tively mitigated. In the Kobe earthquake event, the results exhibit similar performance as
shown in Table 7. The maximum top floor drift has a 31 % reduction, while the maximum
roof acceleration is also lowered to 72 % as compared to the uncontrolled building. The RMS
floor accelerations have reductions ranging from 27 to 52 %. In summary, through the RTHS
with the adaptive tracking control scheme, a semi-active control strategy was successfully
implemented and experimentally verified with the control performance for the seismically
excited building.

7 Summary and conclusions
An adaptive model-based feedforward—feedback control scheme for real-time hybrid sim-
ulation (RTHS) was proposed in this study. The feedforward controller enabled the servo-

hydraulic actuator to track displacements based on a time-invariant model. Due to the non-
linearity of the velocity-dependent components, this time-invariant model might yield signif-
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icant displacement tracking errors in RTHS. In the study, the self-tuned control parameters
following the projection algorithms were applied on the feedforward controller. The adaptive
scheme not only considered the current system condition but also followed the Routh’s sta-
bility criteria to ensure the system stability. To further eliminate modeling error and system
uncertainties, the feedback LQG control algorithm was employed to minimize the displace-
ment tracking errors. By combining these two control strategies, the adaptive feedforward—
feedback control scheme for RTHS was developed in order to further improve the tracking
performance of the servo-hydraulic system.

The proposed adaptive control strategy was successfully validated for RTHS using a
semi-actively controlled nine-story building. The accuracy and robustness of this control
scheme were verified through both numerical and experimental approaches. As indicated in
the numerical analysis, the adaptive tracking control enabled online updating of the para-
meters used in the feedforward controller and estimated the system dynamics in real time.
In the tracking performance tests, this adaptive control scheme showed improved tracking
performance of the displacements being imposed to the MR damper, in particular as the input
currents to the MR damper were a function of time (i.e., the pulse current). Thus, the proposed
adaptive control was beneficial to RTHS to implement semi-active control strategies in which
the input currents to MR damper varied over the time. Finally, RTHS was carried out consid-
ering the ASCE benchmark control problem for buildings. In this hybrid test, a semi-active
control device was experimentally evaluated, while a nine-story building was numerically
examined. Due to the fact that the errors between the command and achieved displacements
were effectively reduced by the adaptive tracking control, the semi-active control in RTHS
subsequently showed more representative control performance. Consequently, the proposed
adaptive model-based control scheme provides an effective means for conducting real-time
hybrid simulation of complex structures .
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