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Abstract: This paper presents a practical control methodology of shaking tables for
earthquake simulators. Reaction force generated by a nonlinear specimen on the
shaking table generally deteriorates the motion performance of the table, resulting
in the lower control accuracy of the seismic tests. In order to provide the precise
table motion, therefore, a disturbance observer-based control approach is adopted,
where the unknown disturbances in the table can be compensated in real time
manner. The proposed compensation algorithm has been verified by experiments
using an actual shaking table system. Copyright c°2005 IFAC
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1. INTRODUCTION

Shaking table system is one of indispensable com-
ponents in a variety of earthquake simulators,
where the desired table motion performance in
acceleration and/or displacement should be ex-
actly reproduced to perform seismic tests(Queval
and Sollogoub, 1997), (Nowak et al., 2000), and
(Okuda et al., 2001). The table system generally
consists of electro-hydraulic actuators, sensors, a
table, and a target specimen. Analytical studies
on dynamics of the system and/or typical re-
quirements in the simulators have been already
discussed in previous literatures(Clark, 1992) and
(Nowak et al., 2000).

A deterioration in the table motion performance
due to nonlinear behaviors of specimen should be
inherent problems: the table motion is affected
by the reaction force generated by the specimen

as well as by the original driving force of the
actuators, resulting in the lower control accuracy
of the seismic test such as a damage process during
excitation(Dozono et al., 2004). In order to com-
pensate for the effects and to achieve the precise
table motion, various approaches have been pro-
posed, e.g., using adaptive control and/or MCS
techniques (Stoten and Gomez, 1998) and (Gomez
and Stoten, 2000), and a real-time compensation
(Dozono et al., 2004).

This paper proposes a novel control methodol-
ogy for the shaking tables using a disturbance
observer(Ohnishi et al., 1996), which is one of
promising approaches to compensate for the non-
linearities of specimen in real time manner. The
proposed control is verified by experiments using
an actual uni-axial shaking table, especially pay-
ing attention to the reproducibility of frequency
power spectrum in the desired table acceleration.
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Fig. 1. System configuration of uni-axial shaking
table.

2. SYSTEM CONFIGURATION OF SHAKING
TABLE

2.1 System Configuration

Fig.1 shows a system configuration of uni-axial
shaking table for the seismic tests. The mechanism
as a plant system is composed of the shaking
table with a specimen, coupled onto an oil hy-
draulic cylinder by a hydrostatic coupling. The
specimen is constructed by weights and beams,
where the natural frequency of the mechanical
resonance is variable by adjusting the length of
beams, simulating the nonlinear behavior in spec-
imen. The cylinder as an actuator is driven by a
power amplifier through a servo valve, where the
table is horizontally shaken by applying the target
acceleration reference. In actual seismic tests, the
actuator is conventionally controlled by the state
feedback compensation, using measured displace-
ment, velocity, acceleration, and pressure.

The following are the mathematical expressions
for the mechanical plant system.

Servo valve The servo valve can be characterized
by a second-order lag system as follows, where
the flow rate decreases due to the oil leakages
proportional to the pressure:

Qm =
Ksvω

2
sv

s2 + 2ζωsvs+ ω2sv
Ve − CalPm. (1)

Here, Qm: flow rate of servo valve, Ve: output of
controller, Pm: differential pressure of actuator in
cylinder, Ksv: gain of power amplifier, ωsv and
ζ: natural frequency and damping coefficient of
second-order model for servo valve, and Cal: oil
leakage coefficient in cylinder.

Oil hydraulic cylinder The flow rate of oil in
the cylinder is in proportion to the compression

Table 1. Specifications of shaking table
parameters.

Ksv 4.01× 10−4 [Vm3/s] Wsv 3.43 × 102 [rad/s]
ζ 1.42 Cal 9.37 × 10−12 [m3Pa/s]

Aa 6.18× 10−3 [m2] Ka 1.42 × 10−13 [m3/Pa]
Mt 2.70× 103 [kg] Ma 1.90 × 102 [kg]
Caf 3.91× 103 [Ns/m] Cj 5.83 × 104 [Ns/m]
Kj 4.13× 108 [N/m] Mb1 0.59 × 103 [kg]
Mb2 0.59× 103 [kg] Mb3 0.59 × 103

Cb1 28.61 [Ns/m] Cb2 48.71 [Ns/m]
Cb3 97.86 [Ns/m] Kb1 3.47 × 105 [N/m]
Kb2 1.00× 108 [N/m] Kb3 4.06 × 108 [N/m]

of oil and the variation of internal pressure in the
cylinder and piping:

Qm = Aa sYp +Ka sPm, (2)

where Yp: displacement of piston, Aa: piston area,
and Ka: stiffness of piston.

Kinetic equation of piston and table with speci-
men The table is driven by the shaking force of
actuator through the hydrostatic coupling, where
the mechanical motion can be expressed using the
following kinetic equations:

Ma s
2Yp =AaPm −Nt − Caf sYp, (3)

Nt =Cj(sYp − sYt) +Kj(Yp − Yt), (4)
Mt s

2Yt =Nt −D, (5)

where Yt: displacement of table, D: reaction force
of specimen,Mt: mass of table,Ma: effective mass
of piston, Caf : viscosity coefficient of piston, Cj :
viscosity coefficient of coupling, Kj : stiffness of
coupling, and Nt: driving force of piston.

The specimen, on the other hand, is composed of
a one-degree-of-freedom system as follows, where
the reaction force of specimen to table can be
characterized as the following disturbance D:

Mb s
2Yz =D, (6)

D=Cb(sYt − sYz) +Kb(Yt − Yz). (7)
Here, Yz: displacement of specimen, Cb: viscosity
coefficient of specimen, Kb: stiffness of specimen,
and Mb: mass of specimen.

Based on the mathematical models above, Fig.2
shows a whole block diagram of the shaking ta-
ble, where the actual mechanical parameters are
indicated in Table 1.

2.2 Conventional table control using state feedback

The actuator for shaking table is generally driven
in a state feedback control manner using the mea-
sured pressure and displacement of piston, and
the measured velocity and acceleration of table,
as shown in Fig.1, where the feedback gains can
be designed by a pole-assignment technique con-
sidering the system stability and the disturbance
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Fig. 2. Block diagram for mathematical model of shaking-table.
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Fig. 3. Integral compensation for displacement
reference.

suppression. The table displacement reference, in
addition, is generated based on the acceleration
profile through an “integral compensation” in a
feedforward manner, which is directly specified as
the seismic waveform.

Feedforward control by integral compensation The
feedforward compensator generates the table dis-
placement reference R as indicated in Fig.3, by
means of the following integral compensation us-
ing the desired acceleration profile Rs:

R = AIRa + VIRv +Rd, (8)

where Ra, Rv, and Rd: internal variables in the
integral compensator, AI and AV : gains. These
internal variables correspond to the acceleration,
the velocity, and the displacement, leading the
following relations for Rs by the second order
filters:

Ra =AI
s2 + (C −K1C)s+K2B −K1K2B

s2 + Cs+K2B
Rs,

Rv = VI
K1s

s2 + Cs+K2B
Rs,

Rd =
K1K2

s2 +K1Cs+K1K2B
Rs,

where B and C: stiffness and damping coefficients
of second order filter, K1 and K2: coefficients for
velocity and displacement.

State feedback control The control output Ve is
calculated by the following feedback control law
for the displacement reference R:

Table 2. Parameters in state feedback
controller.

Kad 1.60× 102 [V/m] Kta 8.16× 10−1 [Vs2/m]
Kpr 4.08× 10−7 [V/Pa] Ftv −1.00× 10−1

Fta 3.50× 10−2 Fpr 9.00× 10−2

Fp 4.00 τint 3.18× 10−2 [s]
K1 20 K2 10
C 0.12 B 0.25

AI 0.80× 10−2 VI 0.12
Ts 0.2× 10−3 [s]

Ve = kR − k1Yp − k2Ytv − k3Yta − k4Pm
=E −KprFprPm, (9)

E = FpKad(R− Yp)

−Ftv
Kta

1 + τints
Yta − FtaKtaYta, (10)

where Yta: table acceleration, Ytv: table velocity,
Fp: proportional gain, Kad, Kta, and Kpr: voltage
conversion gains for displacement, acceleration,
and pressure, Ftv, Fta, and Fpr: feedback gains
for table velocity, table acceleration, and cylinder
pressure, and τint: integration time constant.

Table 2 indicates parameters of the state feed-
back control with the reference integral compen-
sation, where the whole control processing is im-
plemented in the digital control manner with a
sampling period of Ts. Fig.4 shows a typical ac-
celeration reference waveform, where the reference
includes the trapezoidal-shape frequency power
spectrum with the target seismic frequency band-
width up to 20 Hz. In the following experimental
verifications, the reproducibility of the desired
power spectrum is especially evaluated.

Fig.5 indicates an example of experimental re-
sults by the conventional state feedback con-
trol, where the specimen on table includes the
resonant/anti-resonant characteristics in the fre-
quency of around 6.6 Hz. From the figure, effects
of the resonance in specimen obviously deterio-
rates the performance accuracy in the power spec-
trum. For the performance deterioration, several
attempts, such as an adaptive control and/or a
MCS(Stoten and Gomez, 1998), and a real-time
compensation(Dozono et al., 2004), have been
adopted to compensate for the effects of reso-
nance in specimen. Those approaches, however,



Fig. 4. Waveform and frequency power spectrum
in desired acceleration reference.

Fig. 5. Experimental results of time response and
power spectrum in acceleration by conven-
tional control. (specimen with resonant fre-
quency of 6.6 Hz)

are insufficient, due to the limitation of adaptation
capability in speed, for the nonlinear behaviors in
specimen, e.g., the variation of resonant character-
istics during the damage process and the nonlinear
components.

3. COMPENSATION FOR REACTION
FORCE USING DISTURBANCE OBSERVER

3.1 Configuration of disturbance observer

Performance improvements in the frequency power
spectrum using a disturbance observer(Ohnishi et
al., 1996) are attempted in the proposed control,
where the effects of resonance in specimen on the
power spectrum are compensated as the reaction
force suppression. In the target system, the distur-
bance observer is constructed using the measured
state variables, allowing the performance deteri-
oration due to modeling errors to be improved.

Eqs.(1)-(5) can be synthesized and simplified as
follows, using the definition of parameters/variables
listed in Table 3:

Table 3. Definition of parameters and
variables in plant system.

gsv
s2+2ζWsvs+W

2
sv

KsvW
2
sv

gpr KprFpr

gk Kas + Cal ga Aa
gpm Mas

2 + Cals gtm Mts
2

gc Cjs+Kj

1

gsv
(E − U) = (gk +

gpr
gsv
)Pm + ga sYp,(11)

(gpm + gc)Yp = gaPm +
gcYta
s2

, (12)

(gtm + gc)gcYta
s2

= gcYp −D, (13)

where U is an equivalent displacement distur-
bance for the reaction force of specimen, which
should be compensated for.

Eqs.(11)-(13) lead to the following, concerning the
displacement feedback compensation signal E:

E =U +GDD +GY Yta, (14)

GD =
(gsvgk + gpr)(gpm + gc) + gsvg

2
as

gagc
,

GY =
(gsvgk + gpr)(gtmgpm + gcgtm + gpmgc)

gagcs2

+
(gtm + gc)gsvg

2
as

gagcs2
.

From eq.(14), a desired value U , which compen-
sates for the effect of disturbance D, can be given
as:

U = −GDD. (15)

Since the disturbance in eq.(15) is unobservable,
it should be estimated by the mathematical model
in eqs.(11)-(13).

3.2 Design of disturbance observer

A disturbance estimation bD can be performed by
combining eqs.(12) and (13), using the measured
state variables: the differential pressure in cylinder
Pm and the table acceleration Yta:bD =

gagc
gpm + gc

Pm −
gtm + gc
s2

Yta. (16)

By considering the practical estimation, eq.(16)
can be simplified as follows, since effects of the
hydrostatic coupling on the estimation should be
negligible.

bD = gaPm −
gpm + gtm

s2
Yta (17)

The equivalent displacement disturbance, as a re-
sult, can be compensated by the following princi-
ple, by combining GD in eq.(14) and U in eq.(15):

U = −gsvgk + gpr
ga

bD. (18)
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Fig. 6. Actual block diagram of control system with disturbance observer.

Since the synthesized disturbance estimator is
composed of the measured state variables, the
effects of the mathematical modeling errors on
the estimation can be simultaneously included as
equivalent disturbances in eq.(17), allowing the
deterioration of disturbance suppression due to
the modeling errors to be improved.

Structural configuration of the disturbance esti-
mator in eq.(17), on the other hand, is un-proper,
which prevents the compensation from being prac-
tically implemented. In addition, the measured
table acceleration signal contains a sensor drift
and/or noise components. The actual implemen-
tation, therefore, can be performed as a distur-
bance observer eU , by adding the following two
filters: GL making the observer to be proper and
GB for the sensor noise/drift.

eU =GLGB bU (19)

GL =

µ
ωl

s+ ωl

¶3
GB =

µ
ωbs

s2 + (ωa + ωb)s+ ωaωb

¶6
The natural frequency in the observer filter GL
is selected as ωl = 2π × 250 Hz, providing the
frequency bandwidth up to 20 Hz in the seismic
motion performance. The band-pass filter GB for
the acceleration sensor drift/noise compensation,
on the other hand, is composed of a 12th-order
filter with the natural frequencies of ωa = 2π×0.5
Hz and ωb = 2π × 500 Hz, respectively.

4. EXPERIMENTAL VERIFICATIONS

The proposed control with the disturbance observer-
based compensation for the reaction force in spec-
imen has been verified by a series of experiments.
The whole control processing is performed by
multi-Digital Signal Processors (DSPs), where the

Fig. 7. Experimental results of time response and
power spectrum in acceleration by proposed
control. (specimen with resonant frequency of
3.9 Hz)

Fig. 8. Experimental results of time response and
power spectrum in acceleration by proposed
control. (specimen with resonant frequency of
6.6 Hz)

feedback/feedforward compensators and the dis-
turbance observer are processed by the respective
DSPs as shown in a block diagram of Fig.6. The
same target acceleration signal as of Fig.4 is given



to evaluate the reproducibility of the frequency
power spectrum.

Figs.7 and 8 show the experimental results of
time response and power spectrum in acceleration
by the proposed compensation, in the cases that
the specimen includes the resonance frequency of
3.9 or 6.6 Hz, where the variation in resonance
frequency simulates the nonlinear behavior of the
specimen. In the figures, the proposed compensa-
tion depicted in solid lines can exactly reproduce
the power spectrum as of the one without spec-
imen, while dotted lines without compensation
are deteriorated by effects of the reaction force
in specimen.

5. CONCLUSIONS

In the paper, a novel control strategy of the shak-
ing table for seismic tests is proposed, where the
disturbance observer effectively compensates for
the effects of reaction force in target specimen
on the reproducibility of the desired table accel-
eration. The nonlinear behavior in the specimen
can be simultaneously compensated for, and as
a result, the precise table motion control can be
obtained under the arbitrary specimen with the
variation of resonant frequency during the seismic
test.
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