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The primary focus of a structural shake table system is the accurate reproduction of
acceleration records for testing. However, many systems deliver variable and less than
optimal performance, particularly when reproducing large near-field seismic events that
require extreme table performance. Improved identification and control methods are
developed for large hydraulic servo-actuated shake table systems that can exhibit unac-
ceptable tracking response for large, near-field seismic testing. The research is presented
in the context of a 5-tonne shake table facility at the University of Canterbury that
is of typical design. The system is identified using a frequency response approach that
accounts for the actual magnitudes and frequencies of motion encountered in seismic test-
ing. The models and methods developed are experimentally verified and the impact of
different feedback variables such as acceleration, velocity and displacement are examined.

The methods show that shake table control in testing large near-field seismic events
is often a trade off between accurate tracking and nonlinear velocity saturation of the
hydraulic valves that can result in severe acceleration spikes. Control methods are devel-
oped to improve performance and include both acceleration and displacement feedback
to reduce the acceleration spikes, and record modification, where the reference signal is
modified to conform to the shake table’s operational parameters. Results show record
modification gives exact tracking for near-field ground motions, and optimal system
response for reference signals with velocity components greater then the system capa-
bilities. Overall, the research presents a methodology for simple effective identification,
modelling, diagnosis and control of structural shake table systems that can be readily
generalised and applied to any similar facility.

Keywords: Shake table; control; nonlinear models; system identification; velocity satu-
ration; earthquake engineering; near-field earthquakes.

1. Introduction

Accurate reproduction of acceleration records is required to simulate an earthquake
in full size or model structures. Understanding the dynamics of the shake table
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system used to reproduce the earthquake, including the nonlinear characteristics of
the actuation system, is essential before an effective controller can be designed. This
paper describes the system identification, modelling, and control design methods
used to improve the performance of an experimental shake table system. These
results can be generalised and applied to a wide class of servo-actuated shake tables.

A shake table typically consists of a table capable of moving in one degree
of freedom (DOF) or direction, on linear bearings, actuated by current driven,
displacement feedback controlled servovalves designed to ensure the table tracks
a desired reference input motion. Multi-direction shake tables are less common
and this research deals with the single direction configuration. Large shake table
systems can have trouble tracking near field seismic inputs to the desired accuracy
due to actuation limitations and/or poor control design for these inputs. More
specifically, many existing shake table facilities were designed prior to the significant
near-field earthquakes in Northridge, California and Kobe, Japan in the 1990s to
reproduce the far-field vibratory ground motions common in research and design.
Shake table response to these near-field ground motions, which are characterised
by large acceleration pulses and velocities, can include large acceleration spikes up
to twice the magnitude of the input acceleration record. This problem has been
accredited to the binding of the table on the linear bearings, due to moment loads
induced from table-structure interaction, as well as variable friction and velocity
saturation [Kusner et al., 1992]. This research shows that the primary cause is
velocity saturation leading to compromises in control design.

There are several methods of creating an accurate shake table model. Recent
methods include breaking down the system into several subsystems and analysing
each subsystem in either the state space [Kuehn et al., 1999], or Laplace domain
[Conte and Trombetti, 2000]. However, these works use a low amplitude white noise
signal containing frequencies up to 200Hz as the reference input signal to identify
the table dynamics. Such small, high frequency signals are not representative of the
actual motions required for precision reproduction of earthquake inputs and may
lead to responses that are not representative at higher amplitude motions. The
identification of individual subsystems, while intuitive, may not fully capture the
complete system’s dynamics, reducing the effectiveness of the control design based
on these system models. Finally, they create linear models that may not capture
the fundamental dynamics necessary to accurately reproduce the desired seismic
input.

This research presents a more pragmatic approach based on analysing the total
system transfer function for input signals of a magnitude similar to those found dur-
ing typical usage and then identifying dominant nonlinear effects from the difference
between modelled and measured behaviour. From this approach an accurate non-
linear model can be created that captures the fundamental dynamics of the shake
table system.

More specifically, this research derives transfer functions from experimental
bode plots, which proves highly effective in identifying the system dynamics and
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non-linearities of the system. Controllers using displacement, velocity and acceler-
ation feedback are designed, analysed and then implemented on the shake table.
The performance and limitations of several control methods are evaluated, and rec-
ommendations to their implementation on this and similar shake table systems are
discussed. The overall structure of the paper therefore describes the experimental
shake table system used in this research, followed by identification of its dynamics
and ending with the development and analysis of different control methods.

2. Experimental System

The University of Canterbury shake table, shown in Fig. 1, is a uni-directional
table which has an unloaded mass of 5000kg, supported by two sets of linear Teflon

Fig. 1. Experimental shake table system.
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bearings. The system is driven by a 280kN double-acting hydraulic actuator, pow-
ered by a 300Hp motor operating at 4000psi. The hydraulic actuator is controlled
by a set of two Moog E072-054 servovalves, capable of supplying up to 232 lpm each.

The servovalves are controlled by a TestStar control system from MTS Systems
Corporation that includes a controller and signal conditioners to drive the current
based servovalves and decode sensor signals. Table displacement is measured by a
Linear Variable Differential Transducer (LVDT), and displacement input reference
signals are produced from an external computer.

For this research, a dSpaceTM real-time rapid prototyping system for digital
control systems is used as an external data acquisition system, signal source, and
external control system. The Analogue to Digital (A/D), and Digital to Ana-
logue (D/A) modules are capable of sampling 12 A/D channels and putting out
10 D/A channels at over 100 kHz. The system is driven by two PowerPC chips
programmed using compiled Simulink models, allowing filters and controllers to
be rapidly developed into real-time software, downloaded, and then modified while
running in real time.

As the existing TestStar controller is not capable of implementing some of the
advanced control methods developed, it is taken out of the loop. The internal
TestStar feedback loop, which would otherwise interfere with the external con-
troller, is cancelled by setting the TestStar controller to a unity proportional gain,
and by adding a feedforward cancellation signal to the reference signal as shown in
Fig. 2. The feedforward cancellation signal is the LVDT signal, which cancels with
the hardwired negative feedback loop of the current system, enabling complete
external control.

The feedforward cancellation was verified by two tests. First, the table was
commanded to track a zero reference signal from a non-zero starting point. Second,
the table response was compared for three different earthquake records when driven,
using the same control gains, by the built-in feedback loop and with the external
controller. Test 1 determines whether the feedforward cancellation is exact when
the table displacement is low or zero, and the table tracked to zero without any
steady state offset. Test 2 confirms that the feedforward approach works for larger
inputs, with identical response using either the internal controller or the external
controller.

Fig. 2. External control setup using feedforward cancellation to remove hardwired feedback loop.
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3. System Transfer Function

A shake table system can be modelled as a large damped table mass (m) moving (x)
in response to a driving force (u(t)). Viscous damping (c) is assumed to account for
friction on the bearings for convenience and because Coulomb friction is difficult to
identify and can vary with conditions and speed of the table:

mẍ + cẋ = u(t). (1)

Transformed into the Laplace domain, the resulting SISO transfer function G(s) is
defined:

Ĝ(s) =
x(s)
u(s)

=
1

ms2 + cs
. (2)

The servovalve-actuator system, including the servovalves, hydraulic ram, and sig-
nal processing hardware, has a transfer function, K(s), that converts the refer-
ence displacement input signal (xd(t)) into the corresponding force of the hydraulic
ram, u(t). Combining K(s) and G(s) gives the open loop table transfer function
G(s), where xd(t) is the commanded displacement input signal and x(t) is the actual
table displacement.

G(s) =
x(s)
xd(s)

= Ĝ(s)K(s) where K(s) =
u(s)
xd(s)

. (3)

The transfer function K(s) is not directly analysed, but is an implicit part of G(s).
K(s) can be nonlinear, especially near the performance limits of the system, and
includes a time delay due to the lagged response of the servovalves. However, it can
be assumed to be a linear function, as shown in Trombetti et al. [2002], allowing
the identification of a linear table transfer function G(s). Ideally, K(s) would be a
zero order function, corresponding to the servovalve system giving direct signal feed
through, resulting in the expected second order linear system transfer function G(s).

The overall goal is to match the shake table’s acceleration, ẍ, to the desired
acceleration input, ẍd. However, the actual method of controlling the table is to
match the shake table’s displacement, x, and hence, the resulting accelerations, to
the commanded displacement xd. Displacement control is typically used for large
tables as the hydraulic servo-mechanisms used to drive them are typically displace-
ment controlled. Displacement tracking also eliminates the drift that can occur with
pure acceleration tracking. It should be noted that to exactly obtain the desired
acceleration, perfect displacement tracking must occur.

3.1. Empirical transfer function

The shake table system can be simply modelled as a control block, H(s) in series
with the open loop system transfer function G(s), with negative unity feedback, as
shown in Fig. 3. The open loop transfer function G(s) is experimentally determined
by creating system bode plots using different controllers for H(s). To create a system
bode plot (x/xd), the magnitude and phase lag of the response to sinusoidal inputs
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Fig. 3. Shake table system block diagram.

with amplitudes, from ±1 mm to ±120 mm at frequencies ranging from 0.1Hz to
6Hz in 0.1Hz increments are recorded. Frequencies above 6Hz were not analysed as
the magnitude of the table response drops into the noise floor for this input magni-
tude with the simple low-gain controllers used. Displacement data for the transfer
function was measured directly using capacitive potentiometers with 0.04mm reso-
lution and by integrating acceleration data, with offset correction, from accelerom-
eters with 0.02 g resolution. The displacement data had only discretisation noise
error and is very smooth, the acceleration data was low-pass filtered offline with a
fourth order IIR filter and corner frequency of 15Hz. The process of numerically
integrating added an additional level of noise reducing filtering.

The first system bode plot, shown in Fig. 4 for unity proportional feedback
(H(s) = 1), where dashed lines are experimental data and solid lines are modelled
results. This data was used to derive an initial transfer function using first principles

Fig. 4. Unity proportional feedback system bode plot with H(s) = 1.0.
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from dynamics and basic rules for sketching Bode plots available in any standard
text:

x

xd
=

HG

1 + HG
=

G

1 + G
=

2.3
s + 2.3

, where G =
2.3
s

. (4)

However, although the zero valued pole matches the open loop rigid body motion
of the table the system should be second order by Eq. (2) indicating that effective
pole-zero cancellation has occurred. More specifically, Eq. (4) deviates from Fig. 4
in the phase plot at higher frequencies, indicating that there may be an additional
pole at a higher frequency. In addition, the system shows no significant nonlinear
behaviour with H(s) = 1 in this frequency range, as shown by the fact that the
transfer function is independent of the amplitude of the commanded harmonic
motions.

To estimate the change in frequency response of the table under load, a 5000kg
mass was fixed to the table, effectively doubling the table mass. As shown in Fig. 4,
doubling the mass of the table caused no change in the table’s response for a 50mm
amplitude sine wave input. The response of the table is effectively independent of
the test mass due to the large effective mass of the system, resulting from the low
compressibility of the hydraulic fluid and the large pump system used to drive the
table. Note that the addition of this mass did not result in a significant enough drop
in oil column natural frequency to impact the results obtained. A larger structural
mass might have such an effect despite the size of the system accumulators and
command signal low-pass filtering.

To improve the estimate of the transfer function, the proportional and integral
feedback gains, Kp and Ki, were changed to the values currently used for earthquake
testing (Kp = 3.7, Ki = 0.6) resulting in a controller defined:

H(s) = 3.7 +
0.6
s

. (5)

A higher order transfer function can be found by assuming the necessary second
order open loop system, G(s), from Eq. (2) resulting in a third order system. The
coefficients of the closed loop transfer function were fitted to the recorded data in
Fig. 5 using a gradient descent optimisation routine and quadratic (least squares)
error function, to obtain a linear system transfer function.

x

xd
=

GH

1 + GH
=

2.55s2 + 510.45s + 85.5
s3 + 60.23s2 + 510.35s + 85

. (6)

From this transfer function and the definition of H(s) in Eq. (5), the open loop
system transfer function, G(s), is determined:

G(s) =
0.69s + 138
s2 + 57.65s

. (7)

The open loop transfer function in Eq. (7), matches well with the bode plots in
both Figs. 4 and 5, as seen in the dashed line in Fig. 5. However, at higher input
amplitude and frequency it still does not match the experimental results due to
unmodelled nonlinearities that appear with the larger feedback gains in Eq. (5).
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Fig. 5. Bode plot with Kp = 3.7, Ki = 0.6.

3.2. System limitations and nonlinearities

The slew rate, or maximum velocity, of hydraulic servo-actuated shake table sys-
tems is limited by the flow rate restrictions through the servovalves driving the
table. The experimental hydraulic system in this research has two servo-valves in
parallel that provide a maximum flow rate of 7.7 L/s (462Lpm) as specified by the
manufacturer. Due to the pressure drop across the valves at the maximum flow
rate during working conditions, the maximum flow rate is reduced approximately
15% to 6.5 L/s (390Lpm) as specified by the manufacturer. The surface area of the
piston in the hydraulic ram is ∼240 cm2 according to the manufacturer. Using these
latter two parameters the maximum slew rate of the table can be estimated with
reasonable precision:

slew rate =
flow rate (m3s−1)
surface area (m2)

=
6.57/1000

0.024
= 0.274 m/s. (8)

The resulting velocity saturation that occurs with high amplitude and frequency
sinusoidal reference signals commanding velocities above this limit is seen in the
experimental displacement and acceleration response in Fig. 6, where saturation
results in a constant velocity response. The slope of the linear region of the dis-
placement response gives the actual maximum slew rate of the table of 0.24m/s,
which is approximately 10% lower then the estimated value in Eq. (8) due to:
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Fig. 6. Table displacement and acceleration response to a 75mm 2Hz sine wave, commanding a
peak velocity of 0.2425 m/s.

(1) Inaccurate estimation of the pistons surface area, which was estimated by mea-
suring the outside ram diameter and the output shaft diameter, (2) frictional effects,
or (3) error in the pressure differential across the valves.

Constant velocity during velocity saturation results in a sudden change to zero
table acceleration, as seen in Fig. 6. After velocity saturation ceases, the shake
table velocity changes abruptly, resulting in large acceleration spikes. The resulting
acceleration profile that occurs with velocity saturation is characterised by a period
of zero acceleration followed by an abrupt acceleration spikes, as shown in Fig. 6.
Simply increasing the feedback control gains to obtain better tracking increases
the acceleration spikes after velocity saturation ceases, as they respond even more
strongly to the difference in commanded and actual displacement and velocity.

The nonlinear effect of velocity saturation can also be seen on the bode plot in
Fig. 5. Instead of the bode plot for all of the sine wave reference signals being the
same, the higher amplitude signals that command excessive velocity attenuate non-
linearly at lower frequency. Hence, when velocity saturation occurs the frequency
response plot reports it as greater attenuation because of the table’s inability to
produce greater amplitude.

The shake table displacement response in Fig. 6 can be approximated as a
saw tooth wave, which means the waves amplitude is inversely proportional to
the frequency of the wave for a constant slope. Velocity saturation does not occur
for low amplitude or low frequency inputs because the required velocity to track
these signals is still below the saturation point. Similarly, with low gain feedback,
(H(s) = 1) in Fig. 4, velocity saturation does not occur, as the table response never
reaches the saturation velocity.

4. System Modelling

The system model identified consists of the open loop transfer function of Eq. (7) in
series with the velocity limiter and a noise source, as shown in Fig. 7. The velocity
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Fig. 7. Open loop system model.

limiter model is composed of a differentiator, which converts the displacement signal
into velocity, a limiter that restricts the velocity to the maximum rate of 0.242ms−1

and an integrator to convert the velocity back into displacement. The noise signal
generated to simulate the noise source in Fig. 7 is defined as a series of zero mean sine
waves and saw tooth waves with frequencies and amplitudes that match the noise
induced on sensor lines in the shake table laboratory to ensure the model accurately
simulates the lab environment. The closed loop system consists of the open loop
system model in a unity negative feedback loop with the system controller, H(s),
as shown in Fig. 3.

To test this system model the shake table response was determined for a vari-
ety of earthquake reference signals and several sets of feedback gains. These pre-
dictions were then verified by running the shake table system through the same
tests. Figures 8 and 9 show the high correlation for both acceleration and dis-
placement between the predicted model response (dashed line) and experimental
data (solid line) for the near-field Kobe earthquake during the first 5.5 seconds of
strong motion. Acceleration was measured using accelerometers with a 0.02 g noise
floor. As a result, accelerations below this value are essentially random and this

Fig. 8. Displacement response for the Kobe earthquake (Kp = 3.7, Ki = 0.6).
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Fig. 9. Acceleration response for the Kobe earthquake (Kp = 3.7, Ki = 0.6).

aspect is not modelled. This effect is most clearly seen in Fig. 9 around 3.6 and
4.0 seconds. The large difference between the reference displacement signal and the
displacement response is due to the combined effects of velocity saturation and
poor tracking control with the control gains used. Note that the full response is

Fig. 10. Model (solid lines) compared to experimental (dotted lines).
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similar, but not shown, as the results seen in Figs. 8 and 9 are unclear viewing the
full response. The high level of correlation between the model and experimental
data exceeds that of prior works and illustrates the effectiveness of the frequency
response identification methods presented.

The system model was also verified by comparing the model bode plot to the
bode plot of the physical system, as shown in Fig. 10. The phase lag in the model
and the shake table are nearly identical. The velocity saturation effect is captured
adequately at the onset, shown from the 50mm amplitude response, and is suitably
accurate at higher amplitudes. Severe velocity saturation effects differ between the
model and the shake table, probably due to unmodelled valve dynamics.

5. System Control

5.1. Control problem

The system is easily controlled except when velocity saturation occurs. High pro-
portional displacement feedback gains enable the table to accurately track during
the low velocity parts of the earthquake record. However, the strong proportional
feedback causes high peak accelerations when velocity saturation occurs during the
strong motion part of the earthquake record. The interaction of velocity saturation
and control gains is shown schematically in Fig. 11 where the trade off is between

Fig. 11. Control gain trade off of velocity saturation versus poor tracking.
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high gains with accurate tracking over most of the earthquake record, and low feed-
back gains that do not cause velocity saturation and acceleration spikes, but track
poorly, during the strong motion portions. This trade off results in extremely poor
performance for near field seismic events characterised by a few large velocity and
acceleration spikes followed by much lower magnitude ground motions.

The experimental table controller currently employs low integral and propor-
tional displacement feedback gains (Kp = 3.7, Ki = 0.6). By keeping the control
gains low (Kp < 5 and Ki < 1) there is much less velocity saturation for strong
motions as in the near field Kobe earthquake, however the tracking is poor as seen
in Figs. 8 and 9.

5.2. Acceleration and velocity feedback

Acceleration and velocity feedback loops can be used to improve the system
response. Acceleration control is an intuitively simple idea. The most important
table output is the acceleration profile, so this controller trades off precise displace-
ment tracking to capture the more important acceleration profile. By increasing the
gains on an additional acceleration PI control input combined with the displace-
ment feedback loop, as shown in Fig. 12, the table should track the acceleration
profile more accurately. Note that as the table is driven by displacement commands,
the acceleration feedback command signal is integrated twice to provide a displace-
ment position command. To prevent table drift, the displacement feedback loop
keeps the table approximately centred to prevent accumulated errors in accelera-
tion tracking moving the table to its physical displacement limits. This approach
is similar to the integrated centring control used for inertial actuators [Chase and
Yim, 1999].

Tracking velocity can lead to improvements in the displacement and acceleration
tracking, but requires the use of a low noise floor, high-resolution velocity sensor.
The concept behind an additional velocity feedback loop is that tracking velocity

Fig. 12. Combined acceleration, velocity and displacement feedback controller.
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will provide a trade off of acceleration and displacement tracking while directly
being able to directly account for velocity saturation. Figure 12 also includes this
feedback loop.

In either case, the acceleration and velocity feedback gains require additional
control feedback loops that are not standard on test equipment such as the Test-
Star controller. The control gains are designed using the verified models developed.
However, neither approach leads to a complete solution to the compromise between
tracking for near-field ground motions, and nonlinear velocity saturation and the
resulting acceleration spikes.

5.3. Record modification

Once the table dynamics are completely understood, it is clear that any control
system cannot give perfect tracking due to the velocity limit being exceeded by
the peak velocities of certain near-field earthquake records. Designing the control
system therefore becomes a question of trading off acceleration duration and ampli-
tude, to obtain the best fit to the desired acceleration response. A third approach
would modify the acceleration record to obtain a matching peak acceleration or
spectrum such that velocity saturation is avoided.

Assuming zero velocity, v = 0 at time t = 0, then the area under the generic
acceleration (a) curve in Fig. 13 is defined:

A =
∫ t′

0

a dt =
∫ t′

0

dv

dt
dt = v(t′), (9)

where t′ is the time at some point after t = 0. Hence, the area under the acceleration
curve is equal to the velocity at time t′. Velocity cannot, in this case, physically
exceed 0.242ms−1, limiting the area A to A′, as shown in Fig. 13.

The area A′ represents the physical limits for the magnitude and duration of the
acceleration profile that can be achieved by the shake table. Selecting an appropriate

Fig. 13. Modified maximum acceleration profiles.
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Fig. 14. Block diagram for record modification in real time.

acceleration profile for area A′ < A to avoid saturation leads to either a low peak
magnitude acceleration profile or a profile with the same peak acceleration but a
reduced duration. By reducing the peak amplitude of an earthquake, the peak force
applied to the structure is also reduced, which is arguably a worse compromise
for earthquake testing. However, the record can be modified according to whatever
transform might be most desirable for the testing being done.

Creating profiles with the same peak amplitude but reduced duration is straight-
forward. Displacement information for a given earthquake (x) is differentiated into
velocity (dx/dt), which is then limited to the maximum allowable velocity magni-
tude. The new velocity profile is then integrated back into modified displacement
input data (x̂). For the case where the maximum velocity is 0.242m/sec, this trans-
formation is defined:

x̂

∫
f(x) dt, where f(x) =




dx
dt if

∣∣dx
dt

∣∣ ≤ 0.242

0.242 if dx
dt > 0.242

−0.242 if dx
dt < −0.242

. (10)

This method can be implemented in real time, as shown by the block diagram in
Fig. 14. However, there is no particular need as the reference input can be modified
offline before a test. Once the system input is suitable, the table can be made to
track with PI displacement control, but with higher feedback gains to obtain much
better tracking.

5.4. Improved controller simulation and performance evaluation

Several performance metrics were used to evaluate the effectiveness of the controller.
Es

a is the relative error of the shifted model acceleration response compared to
reference acceleration:

Es
a =

‖ā− s̄‖
‖ā‖ , (11)

where ā is the reference unmodified, acceleration vector, and s̄ is the time shifted
shake table model acceleration response, which minimises the L2 norm ‖ā − s̄‖,
eliminating the impact of table lag. Eliminating table lag from the error measure-
ments allows a better representation of the quality of shake table response.
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The metric Ed is the relative error of the time shifted shake table model out-
put displacement response vector d̄′, compared to the unmodified input reference
displacement vector denoted d̄, as measured using L2 norms similar to Eq. (11):

Ed =

∥∥d̄ − d̄′
∥∥∥∥d̄

∥∥ . (12)

The maximum acceleration in g, contained in the acceleration reference vector
is defined as M r

a , and the peak model response acceleration is defined as M t
a. Com-

paring M r
a and M t

a indicates the quality of the controlled response, as well as the
existence of acceleration spikes caused by velocity saturation.

Table 1 contains these metrics for the Taft, El Centro and Kobe earthquakes.
The earthquakes are simulated on the table model using eight different table con-
trollers. The “Current” controller is the currently used shake table controller, using
displacement feedback with low PI feedback gains. The “Strong Disp. Feedback”
controller uses displacement feedback, but with increased PI gains. The “Acc and
Disp” controller uses combined acceleration and displacement feedback loops to con-
trol the shake table position and acceleration. “Acc and Disp 2” is the same as “Acc
and Disp”, but with increased integral control for the acceleration feedback loop
(1 versus 0). The “Velo and Disp” controller uses combined velocity and displace-
ment feedback loops to control the shake table position and velocity. The “Velo
Disp Acc” controller uses combined velocity, displacement and acceleration feed-
back loops. The “Modified Record” controller modifies the earthquake record using
Eq. (10), and uses displacement feedback and a strong PI controller to control the
table position. Gain values are shown in the table for each controller.

The best performance based on the specified performance metrics, is the “mod-
ified record” controller. It has the lowest shifted relative acceleration error, Es

a.
The acceleration feedback methods provided much improved control, by reducing
the acceleration spikes, as indicated by the maximum accelerations, and by giving
closer tracking. Both strong displacement feedback and velocity and displacement
feedback controllers created acceleration spikes in the response of the shake table,
in some cases greater then twice the commanded maximum acceleration.

The near-field Kobe earthquake is the most effective record to consider when
evaluating the impact of different controllers for accurately reproducing near-field
ground motions. The Kobe earthquake contains a strong motion section in the
record from 1 to 5 seconds, during which velocity saturation occurs for any high
gain controller that provides good tracking on other inputs. From 5 seconds to
16 seconds there is a weak motion section in the record in which the velocity of the
table never reaches the saturation value of the table.

Figures 15 to 19 show the measured shake table response to the Kobe earthquake
input for some of these control methods. The original controller using low gain
feedback, shown in Fig. 15, tracks low frequency acceleration at about half the
desired amplitude and missed all of the high frequency acceleration components.
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Fig. 15. Measured Kobe earthquake acceleration response with the current control gains.

Fig. 16. Measured Kobe earthquake displacement response with the current control gains.

Fig. 17. Measured Kobe Earthquake acceleration response with strong displacement feedback
gains.
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Fig. 18. Measured Kobe earthquake acceleration response with acceleration and displacement
feedback.

Fig. 19. Measured Kobe earthquake acceleration response using record modification and strong
displacement feedback.

While this controller does avoid saturation spikes, the controller is inadequate for
responsive tracking of reference signals.

Acceleration and Displacement feedback gives considerably improved perfor-
mance over the current control situation. This controller avoids significant satura-
tion spikes, as can be seen from M r

a and M t
a in Table 1. The measured response

using this controller does not track the full amplitude of the reference signal, shown
in Fig. 18. The lack of exact tracking could be partly due to the large amount of sig-
nal lag. The slightly out of phase signals could deliver conflicting control responses,
undermining the effectiveness of the controller. A system with less lag shows much
better results in simulation and highlights the interaction between control systems
hardware and the type of control used.

Velocity feedback caused the table system to react more strongly to velocity
saturation. As shown in Table 1, all trials containing velocity feedback have large
maximum acceleration values, M t

a, compared to the desired record acceleration, M r
a .
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Finally, Fig. 19 shows the measured acceleration response using record modification
and increased displacement feedback gains. As seen in the figure and Table 1 the
tracking is nearly identical except when deliberate changes have been made in the
record to avoid velocity saturation, as seen at t = 2 seconds in Fig. 19. However,
this modification is more tractable than the acceleration spike seen in Fig. 17 that
exceeds the desired acceleration by over 100% at the same time using the same
feedback gains but without record modification.

The measured responses for the El Centro and Taft earthquakes, shown in
Figs. 20 and 21, have much lower velocity components then the Kobe earthquake.
The exact tracking of the El Centro earthquake will only cause velocity satura-
tion of the shake table in a single very short segment of the earthquake. The peak
velocity of the Taft earthquake is below the velocity limits of the shake table, so
record modification keeps the Taft record intact, and no velocity saturation occurs.

Fig. 20. Measured El Centro earthquake acceleration response using record modification and
strong displacement feedback.

Fig. 21. Measured Taft earthquake acceleration response for strong displacement feedback with
or without record modification.
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Therefore, for the Taft record, using just strong displacement feedback, or in combi-
nation with record modification, yields the same response. Hence, many commonly
used far-field, vibratory ground motion records require little or no alteration of the
record or controller. It is the large near field events of great interest in the structural
engineering arena in recent years that require such attention.

Record modification is effectively an awareness system that identifies extreme
reference inputs that are outside of the shake table’s operational parameters and
modifies the reference input to obtain near optimal control in these circumstances,
where the system limits would be otherwise exceeded. Record Modification, in com-
bination with strong displacement feedback, is the lowest cost alternative to imple-
menting a new control system on the current shake table system, and gives the
highest performance of any controller tested. All of the error in tracking occurs
during parts of the record where velocity saturation would occur. This error is
only significant during very long and large velocity periods, as seen in the Kobe
earthquake shown in Fig. 18. This method delivers very effective performance with
tracking errors less than 1–5% in an L2 sense for large near field effects as shown
in Table 1.

It should be noted that a second, obviously optimal, solution would be to
upgrade the servovalves to a system with greater flow capacity. Worldwide shake
table systems are being upgraded, at significant cost, to account for these near-field
events, in part for this reason. However, as research progresses these systems are
almost inevitably pushed to their capacity and limits. Hence, upgrading the valves,
while both very desirable and expensive, merely raises the bar. The record modi-
fication approach is therefore a low-cost, very effective solution when these limits
are reached regardless of the state of the equipment in question.

6. Conclusions

Improved system identification and control methods are presented for structural
shake tables used in seismic structural testing. The new methods enable the deter-
mination of the fundamental trade offs in designing control gains to accurately
reproduce near-field seismic ground motions that are characterised by large accelera-
tion pulses. These near-field events cause many typical hydraulically servo-actuated
shake table systems difficulty in producing accurate acceleration profiles because
they can push the system towards, or past, their performance capability.

For the University of Canterbury shake table facility, a typical hydraulic servo-
actuated system, it is found that the cause of poor near-field acceleration tracking is
velocity saturation of the hydraulic servo-valves. Hence, improved control was nec-
essary as the current shake table system provided poor reference signal tracking,
and is not capable of providing adequate control in the advent of velocity satura-
tion. Velocity saturation occurs as the shake table system has a maximum possible
velocity of ±0.242m/s, due to the flow rate limitations through the servovalve con-
trolling the actuating hydraulic ram.
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To design a suitable controller, an accurate system model was identified using
frequency response methods based on inputs in the range of operating motions
rather than low magnitude white noise tests. This approach is different from white
noise approaches to system identification and provided an extended understand-
ing of the dynamics for these large shake table systems. It also clearly illustrated
the fundamental nonlinearities as the system approached its performance limits.
The system model was verified using the near-field Kobe earthquake record, where
the model showed almost perfect tracking of the experimental response.

Improved control methods were designed and optimised on the system model.
Combined acceleration and displacement feedback loops provided more accurate
feedback control and were capable of controlling the acceleration spikes seen dur-
ing velocity saturation. Record modification, where the reference signal is modified
to conform to the systems velocity limit, was developed to eliminate the need for
more complex feedback configurations that are not typically supported by standard
equipment. This approach also avoids the need for compromising on displacement
and/or acceleration tracking for near-field events that command significant veloc-
ities. Almost perfect reference displacement and acceleration signal tracking was
achieved, and the controller is able to deal with reference signals with velocity
components greater then the shake table limitations. Record modification can be
implemented previous to entering the signal into the shake table system, so the
current controller hardware can be used by increasing the feedback gains.
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