
1 INTRODUCTION

Frequently, a complete vibrational environment
must be analyzed for a better understanding of me-
chanical phenomena and associated structural behav-
iour. Different techniques exist to predict such be-
havior with associated loss of performances,
failures, fatigue or damage. They can be classified in
two main groups:
− Prediction by a calculation that uses a mathemati-

cal model of the structure under concern.
− Test of the structure itself by simulating as

closely as possible the real environment.
Both techniques can be used separately but are

complementary to each other. The testing technique
requires the reproduction of the vibrational envi-
ronment using:
− Actuators to provide the frequency bandwidth

and the force imposed on the structure, and
− Controllers to provide the spectrum and the am-

plitude of the vibrations.
Ketcham et al (1991) and Sato (1994) describe

controllers for single-axis single-actuator centrifuge
earthquake simulators. Van Laak et al (1998) and
Shen et al (1998) describe multi-actuator controllers
for single axis and multiple axes systems respec-
tively. This paper describes a new-generation con-
troller designed to well simulate an earthquake by

the testing technique, based on algorithms described
by Welaratna (1994). This industrial multi-axis con-
troller should provide improved control for earth-
quake testing.

2 PRINCIPLE OF THE CONTROLLER

A structure subjected to a specific vibrational envi-
ronment is mounted on a table, itself linked to a ac-
tuator. The function of the controller is to exactly
reproduce a time domain signal or a profile in the
frequency domain at a particular point named the
“control point”, Figure 1.

Figure 1. Controller diagram

The controller must be able to:
− Generate the required type of signal: transient,

shock, fixed or swept sine, random, or a mixed
signal such as a sine & random or transient &
random.
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− Compensate the mechanical characteristics of the
“amplifier + actuator + table + fixture + struc-
ture” assembly to follow the required reference
(time or profile) at the selected control point.

− Work in a closed loop to converge on the required
profile in any situation as these characteristics are
modified.
The software implemented in the controller is es-

sentially based on the Fourier transform process. It
calculates the mechanical characteristics of the test-
ing assembly and then generates the appropriate
drive signal, Figure 2.

Figure 2. Controller/Software diagram

The testing procedure is as follows:
− Send a low level transient signal x(t) to the me-

chanical system, Figure 3, then acquire the re-
sponse y(t) at the control point and calculate the
Frequency Response Function, H:

(x(t))FFT
(y(t))FFTH = (1)

where FFT is a Fast Fourier Transform This
process corresponds to a “pre-test”.

Figure 3. Calculation of the Frequency Response Function

− Calculate the Drive signal d(t) from:





=

H (f)
ff)(FFTd(t) - )(Re1 (2)

FFT-1: Inverse Fast Fourier Transform
Ref(f) is: FFT (time domain reference)
− Profile for Swept sine or Random
− Update the Drive signal:

After the two first steps, the controller can gener-
ate a drive signal that should provide the required
reference at the control point. However, the control
must be improved for higher level signals because
the H Frequency Response Function obtained by a
pre-test at low level is somewhat different from the

one corresponding to a higher level due to the non-
linear behavior of the test system. This is compen-
sated by updating the calculation of the H function at
higher and higher levels of excitation. In case of
long duration testing, this H function updating can
be performed in a closed loop manner to take into
account any modification of the mechanical behav-
ior of the test facility such as the structure itself.

3 USE OF SINGLE ACTUATOR OR MULTI
ACTUATOR SYSTEM

Vibration testing is frequently performed using sin-
gle axis/single actuator systems due to the complex-
ity of a multi actuator system (several actuators with
simultaneous control). Real life conditions may in-
volve the simultaneous excitation of multiple de-
grees of freedom (MDOF). On single actuator sys-
tems, measuring the response in each axis
independently approximates these conditions. These
individual responses are weighted and summed to
estimate the real situation.

Some testing situations dictate the use of multiple
actuators:
− Mechanical convenience in the case of large or

complex structures or when more than one actua-
tor is necessary in order to introduce the required
level of force.

− In some cases, the structure may seem too fragile
for a given environment from weighted single
axis tests, indicating it should be reinforced with
the consequence of a loss of performance and a
higher cost. A more realistic simulation using
multi actuator testing may show that the original
design is acceptable.
Crucial considerations, like the need for expen-

sive structural upgrades, require multi actuator test-
ing to simulate as closely as possible the real life en-
vironment. A typical example and one of the very
first applications concerns earthquake simulation.

The controller is based on the same principle as
presented in section 2 but the mathematical equa-
tions are generalized to a MDOF (Multi Degrees of
Freedom) situation which can be applied to both
“single axis/multi actuators” and “multi axis/multi
actuators”, Figure 4.

Figure 4. Multi degrees of freedom controller diagram
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The procedure uses:
1) a pre-test to identify [ ]H by sending n signals

x(t) (for a set of n actuators), and the acquisition
of n responses y(t).
− to calculate [ ] nnGyx x : cross-spectra matrix

between the responses y and excitations x,
and [ ] nnGxx x : cross-spectra matrix between
the excitation signals.

− To obtain [ ] [ ] [ ] 1−⋅= nnnn GxxGyxH xx after the
pre-test.

2) a calculation of the drive signals in terms of the
references r(t) required at the control points.

r(t) for short duration time domain references
(shock, transients, fixed or swept sine, random).

[ ] [ ])()( trFFTfR = so the first drive signals are ob-

tained by [ ] [ ] [ ][ ])(.)( 11
0 fRHFFTtx −−= , providing

[ ])(0 ty responses.
3) updating the drive signals by calculating an error

e(t):

[ ] [ ])()( 0 tytre(t) −= (3)

[ ] [ ])()( teFFTfE = (4)

{ } [ ] { }EH 1X −=∆ (5)

so { } { } { }XXX 01 ∆+= and { } { }11
1 )( XFFTtx −= (6)

The process is repeated for increasing excitation
levels to achieve the specified accuracy. This proce-
dure ensures a fast convergence.

4 THE MATRIX SOLUTION FOR MULTI
ACTUATOR VIBRATION CONTROL

The SignalStar Matrix hardware controller configu-
ration is based on a Windows NT PC with single or
dual CPUs connected to an Agilent VXI front-end
for data acquisition and signal generation, Figure 5.

Figure 5. Hardware configuration

Different hardware boards are used:
ADC: Analog-to-Digital Conversion for input

channels (measurement) with 16 channels per board,

16 bits, 20 KHz per channel. Filters are integrated in
the ADC board for an analog filtering of the input
signals.

DAC: Digital-to-Analog Conversion for output
channels (generation) with 4 channels per board, 20
bits.

The PC includes a harddisk for data storage dur-
ing the test, a graphics terminal for the on-line dis-
play of the set up parameters, the acquired and
processed data and the corrected algorithms.

The Matrix software allows up to 12 outputs and
128 inputs simultaneously.

The control is performed in a closed loop with the
cross-coupling compensation (complete [H] matrix
control) for any type of signal: fixed or swept sine,
random, shocks, SRS (Shock Response Spectrum),
transient and earthquake simulation.

Data acquisition is performed automatically while
the actuator control is in operation. Data are stored
automatically in real time in the DSP boards and
then transferred to the system disk.

Simultaneously, different processes can be per-
formed and the results stored and displayed in real
time multi-window graphics interface (up to 32
curves). During the test, the Matrix software dis-
plays time domain or frequency domain results at
control points and at measurement points, allowing
several superimposed curves and zoom capabilities.

Some limitations can be assigned for output
channels (in Volts) and for input control and meas-
urement channels (in physical units) to protect the
structure and the testing facility. In the case of an
overshooting of these specifications, the test stops
smoothly under control of a user-defined shutdown
window.

Off-line processing can be performed after the
test by using a toolbox. Records stored in the Matrix
database can be easily retrieved by using any of the
identification parameters from the test set up.

5 USING MATRIX SOLUTION FOR
BALANCED EARTHQUAKE SIMULATOR

The Actidyn earthquake simulator uses one or two
twin hydraulic actuator systems, see for example
Perdriat et al (2002). Each system has two actuators
working simultaneously in the same axis, Figure 6.
They are mounted in a centrifuge package to submit
the structure to both earthquake excitation in one or
two axes under constant centrifuge acceleration.

Such simulators require synchronous control of
two DOFs with compensation of the cross coupling
between the two actuators systems and the individ-
ual actuators.

The Matrix solution is completely dedicated to
such an application:
− control of MDOF for different types of signals
− cross-coupling compensation
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efficient pre-test for a closed-loop control with
security control before reaching the nominal level.

Figure 6. The Actidyn earthquake simulator

The VXI based MATRIX controller is composed
of a local system and a remote PC located in the
control room and connected via the fast Ethernet 100
Mbps network. It is able to control both X and Y
axes simultaneous as shown in Figure 7.

Figure 7. The VXI-based Matrix Controller

6 CONCLUSION

The world of vibration testing is developing quickly
to meet the greater demand for improvements in the
quality, reliability, performances and cost of me-
chanical structures, which is leading to more com-
plex testing conditions.

Thanks to the increased power of computers and
operating system capabilities, these sophisticated
conditions can be more easily reproduced and as a
consequence, Multi Degree of Freedom vibration
control is gaining much wider application.

The algorithms used for MDOF control started to
be developed about twenty years ago for different
applications, and have improved significantly with
the tremendous increase in computational power.

Earthquake simulation testing in centrifuges
represents a new challenging application of MDOF
control.
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