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Removing adverse effect of measurement
process in flotation method

Rui Zhu1,2, Qingguo Fei1 and Dong Jiang3

Abstract
Ground simulation of space quasi-zero gravity environment is essential in modal testing of space structures. The air
flotation method is widely used, in which the air cushion unit is attached to the measured structure. This inevitably
increases the total mass of the structure to be tested and leads to the incorrect prediction of modal parameters. And
irregular airflow disturbances of the air cushion unit also have negative effects on the test. The fast elimination method is
presented to remove the adverse impact in the test data based on measured frequency response functions. Numerical
simulations are performed employing the magnetometer structure. Results show that this method effectively removes the
adverse mass and the airflow effect.
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Introduction

Simulating the quasi-zero gravity environment of space
is essential in the vibration test of aerospace struc-
tures.1,2 The research and application of simulating
space micro-low gravity environment on the ground
have a long history and many research results. For
example, the United States,3 the Soviet Union, and other
countries4 have designed various micro-low gravity
simulation systems for lunar rovers, astronauts, and
other applications since the 1960s. According to dif-
ferent simulation principles, it can be divided into the
air flotation method,5,6 water flotation method,7 drop
testing tower method,8,9 suspension method,10,11 par-
abolic flight method,12,13 and so on. The comparison of
these methods14 is shown in Table 1.

The air flotation method is widely used because of its
low friction, high stability, long life, and many other
advantages. This method is widely used for general
spacecraft and robotics control simulations,1 and appli-
cations are typical in vibration and deployment testing.15

The influence of gravity in the ground environment can be
counteracted by using the air cushion unit. Unlike the
suspension method, the air flotation requires the air
cushion unit attached to the measured structure. This
method inevitably increases the total mass of the mock-up
itself and leads to the incorrect prediction of modal pa-
rameters. Meanwhile, irregular airflow disturbances of the
air cushion unit apply additional excitation on the struc-
ture. Two disadvantages above should be removed to
improve measurement accuracy in the flotation method.

The elimination problem can be transformed as the
structure’s modification, and an approach16 is developed
for reanalyzing a system with parameter perturbation
using the measured frequency response functions
(FRFs). In shaker modal testing, Bi et al.17 eliminated the
mass effects of the force transducer and accelerometer
from point FRF and transfer FRF in the shaker test.
Comparative experiments were investigated: (1) shaker +
laser doppler vibrometer case and (2) shaker + accel-
erometer case. Zamani et al.18 used sensitivity analysis to
eliminate the mass effect, and the change in natural
frequency was obtained according to the uncertainty in
measuring frequency and resolution. To remove the
additional mass in the modal test, Zhu et al.19 in-
vestigated a hierarchical multi-transducers elimination
method by successive application of the Sherman–
Morrison theory. Based on the Sherman–Morrison–
Woodbury (SMW) formula,20 a one-step elimination
method is proposed in Ref. 21. The distinct feature of
this method is that it can eliminate the additional mass
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loading effects straightforwardly by one step, where the
multiple masses are considered as multiple-element
changes in the dynamic stiffness matrix. This is an
approximate method to deal with the problems in the
modal test using the flotation method.

In summary, most of the existing research studies fo-
cused on eliminating mass effects in the modal test. In
contrast, limited attention has been focused on the
adverse mass and the airflow effect in the air flotation
method. Based on my previous work,21 the elimination
method is extended to the flotation method, where the
mass of the air cushion should be removed as the at-
tachment mass. Meanwhile, irregular airflow dis-
turbances of the air cushion also are investigated. The
air flotation method is introduced in the section Elim-
ination Theory of Additional Influences. The elimina-
tion theory of additional influences in air flotation is
presented in the section Elimination of Air Cushion
Mass. The robustness of the method is analyzed with
airflow distribution in the section Considering the Effect
of Airflow Disturbance.

Elimination theory of
additional influences

Modal testing using the air flotation method

The principle of the air flotation method is that the air is
compressed into the air chamber of the air cushion unit.
The compressed air is ejected at high speed through the
throttle orifices and discharge grooves on the air chamber
cover, thus forming an air cushion to support the mag-
netometer between the air cushion unit and the air flotation
platform. Since the air layer between the surface and the
mock-up is very thin (0.01 mm), the table’s smoothness is
high. Also, the surface material should not be deformed by
temperature variations and gravity. The air flotation
platform is made of granite to satisfy this requirement.22

Air cushions are a sort of fluid cushion that uses com-
pressed air as the lubrication medium.

As shown in Figure 1, the magnetometer is deployed
on the flotation platform, and the bar is parallel to the air
flotation platform. The primary deployment mechanism
at the connecting frame’s root is fixed by the transfer
tooling and the modal test tooling. The magnetometer is
supported on the flotation platform through the air
cushion assembly.

As shown in Figure 2, the gravitational force of each air
cushion is Si, and the subscript i indicates the number of
air cushions. The measured structure (magnetometer)
weight is W. The mass of each air cushion is ma. Each air
cushion is pumped down to create buoyancy Ti. Gravity
can be compensated as follows

T1 þ T2 þ T3 þ T4 ¼ S1 þ S2 þ S3 þ S4 þ 4ma þW

(1)

Elimination of air cushion mass

As known, the flotation method can counteract the in-
fluence of gravity in the ground environment. The tested
specimen (magnetometer) and the air cushion form the
actual measured structure. The mass of the air cushion is
inevitably added as the adverse condition in the test, which
leads to the frequency reduction of the system. The
elimination method is briefly introduced.

In the modal test, the method of force-hammer exci-
tation is adopted. The geometric parameters of the mag-
netometer are introduced. In Figure 1, the mass of the
magnetometer is 3.391 kg, the length is 4.8 m, and the
mass of each air cushion is 0.1 kg. The corresponding
finite element model is established in Nastran. Consid-
ering separately whether there is the mass of the air
cushion or not; the related FRFs can be obtained through
software analysis. The FRFs of the magnetometer without
the air cushion are regarded as the exact value. The FRFs
of the magnetometer with the air cushion are regarded as
the measured value, which is not accurate due to the mass
of the air cushion. Measured FRFs h� with the air
cushion’s mass can be expressed as

h∗ ¼

2
666664

h11 h12 h13 h14
h21 h22 h23 h24
h31 h32 h33 h34
h41 h42 h43 h44

3
777775

(2)

Take driving point FRF h33 as an example. The exact
and measured FRFs h33 are shown in Figure 3. Due to the
air cushion attached in the magnetometer, the resonance
frequencies of the system are lower than those of exact
values.

The dynamic stiffness matrix Z of the measured system
with the air cushion is expressed as

Z ¼ K � ω2M þ jωC (3)

whereM is the mass matrix, C is the damping matrix, and
K is the stiffness matrix.

The mass of air cushion ma is regarded as the lumped
mass, which is added in the magnetometer. The modifi-
cation matrix ΔM can be expressed as

ΔM ¼

2
666664

ma

ma

ma

ma

3
777775

(4)

The corresponding of dynamic stiffness matrix Z� is
written as

Z∗ ¼ K � ω2 M þ ΔMð Þ þ jωC ¼ Z � ΔZ (5)

where ΔZ is expressed as
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ΔZ ¼

8>>>>>>><
>>>>>>>:

1

0

0

0

9>>>>>>>=
>>>>>>>;

8>>>>>>><
>>>>>>>:

ω2ma

0

0

0

9>>>>>>>=
>>>>>>>;

T

þ

8>>>>>>><
>>>>>>>:

0

1

0

0

9>>>>>>>=
>>>>>>>;

8>>>>>>><
>>>>>>>:

0

ω2ma

0

0

9>>>>>>>=
>>>>>>>;

T

þ

8>>>>>>><
>>>>>>>:

0

0

1

0

9>>>>>>>=
>>>>>>>;

8>>>>>>><
>>>>>>>:

0

0

ω2ma

0

9>>>>>>>=
>>>>>>>;

T

þ

8>>>>>>><
>>>>>>>:

0

0

0

1

9>>>>>>>=
>>>>>>>;

8>>>>>>><
>>>>>>>:

0

0

0

ω2ma

9>>>>>>>=
>>>>>>>;

T
(6)

Equation (6) can be simplified as

ΔZ ¼ ω2
X4

k¼1

ukv
T
k (7)

where uk and vk are expressed as

uk ¼ ½ 0 / 1k / 0 �T (8)

vk ¼ ½ 0 / ðmaÞk / 0 �T (9)

In uk and vk, the subscript k indicates the location of the air
cushion, which are 1 and ma, respectively. Substituting
equation (5) in (3), the dynamic stiffness matrix without
transducers is obtained

Z ¼ Z∗ þ ω2
X4

k¼1

ukv
T
k (10)

Equation (10) is in the same form as the SMW, and one
can obtain

Z�1¼ðZ∗Þ�1�ω2ðZ∗Þ�1½u1 u2 u3 u4 �T�1

2
666664

vT1
vT2
vT3
vT4

3
777775
ðZ∗Þ�1

(11)

where T is a 4 × 4 matrix given by
According to the relationship between the dynamic

stiffness matrix and the displacement FRF, we can obtain

Figure 1. Schematic diagram of the modal test for the magnetometer on the flotation platform.

Figure 2. Force analysis in the vertical direction.

Figure 3. Comparison of exact and measured frequency
response functions.
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Z∗¼ ðh∗Þ�1 (13)

Z ¼ h�1 (14)

where h represents the displacement FRF of the initial
system. So the corrected acceleration FRFs without the
mass of the air cushion can be obtained by

h ¼ h∗ � ω2h∗½ u1 u2 u3 u4 �T�1

2
666664

vT1
vT2
vT3
vT4

3
777775
h∗ (15)

where the corresponding T is a 4 × 4 matrix given by

T ¼

2
666664

1þω2vT1h
∗u1 ω2vT1h

∗u2 ω2vT1h
∗u3 ω2vT1h

∗u4

ω2vT2h
∗u1 ω2vT2h

∗u2 ω2vT2h
∗u3 ω2vT2h

∗u4

ω2vT3h
∗u1 ω2vT3h

∗u2 ω2vT3h
∗u3 ω2vT3h

∗u4

ω2vT4h
∗u1 ω2vT4h

∗u2 ω2vT4h
∗u3 ω2vT4h

∗u4

3
777775

(16)

In Figure 4, the corresponding corrected FRF h33 is
compared to the exact FRF. Results show that the cor-
rected FRF is in quite good agreement with the exact
values.

It is a suitable way to assess the results by comparing
the natural frequencies23,24 of the exact, measured, and
corrected FRFs. The natural frequencies are shown in
Table 2. Due to the air cushion’s attachment, the measured
frequencies are lower than the exact values. The error of
exact and measured frequency is shown in the fourth line.
The maximum error occurs at the 3rd order frequency
(5.56%), and the other errors are 4.58% (1st order) and
5.10% (2nd order). As expected, the proposed method
successfully removes the mass of the air cushion.

Considering the effect of airflow disturbance

The robustness of the proposed method is analyzed. The
air reaction counteracts the influence of gravity in the
ground environment. Due to the airflow disturbances, the
vibration response signals can be adversely contaminated.
It is necessary to take into account the effect of the
measuring error of FRFs. In Figure 5, the impact of the
airflow disturbance is regarded as white noise.25

In the modal analysis, the frequency response function
H(ω) reflects the relationship between the input and output

of the system and represents the system’s inherent char-
acteristics as follows

HðωÞ¼ XðωÞ
FðωÞ (17)

where F(ω) is the excitation input, and X(ω) is the re-
sponse output.

Considering the airflow disturbance, F(ω) includes the
impulse excitation FImpulse and random input FRandom in
hammering tests. The random input Frandom is represented
by

FRandom ¼ R1 þ R2 þ R3 þ R4 (18)

where the random force of each air cushion in the hori-
zontal direction is expressed as Ri.

Equation (17) can be written as

HExact¼ XMeasured�
FImpulse þ FRandom

� (19)

Then, the measured FRFs HMeasurd is obtained by

HMeasured¼ XMeasured

FImpulse

¼ HExact

�
FImpulse þ FRandom

�
FImpulse

(20)

As shown in equation (20), HMeasurd is equal to HExact

without random input.

T ¼

2
666664

1þ ω2vT1 ðZ∗Þ�1u1 ω2vT1 ðZ∗Þ�1u2 ω2vT1 ðZ∗Þ�1u3 ω2vT1 ðZ∗Þ�1u4

ω2vT2 ðZ∗Þ�1u1 ω2vT2 ðZ∗Þ�1u2 ω2vT2 ðZ∗Þ�1u3 ω2vT2 ðZ∗Þ�1u4

ω2vT3 ðZ∗Þ�1u1 ω2vT3 ðZ∗Þ�1u2 ω2vT3 ðZ∗Þ�1u3 ω2vT3 ðZ∗Þ�1u4

ω2vT4 ðZ∗Þ�1u1 ω2vT4 ðZ∗Þ�1u2 ω2vT4 ðZ∗Þ�1u3 ω2vT4 ðZ∗Þ�1u4

3
777775

(12)

Figure 4. Comparison of exact and corrected frequency
response functions.
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Take driving point FRF h44 as an example, three cases
are conducted. Case a:Without air cushion, the exact h44 is
obtained by impulse excitation at coordinate 4; Case b: In
the same exciting force, the measured h44 is obtained by
impulse excitation at coordinate 4 with air cushion. Case c:
Considering the effect of the airflow disturbance with the
air cushion, the 5% white noise is excited at the dis-
placement of the air cushion, and unit impulse excitation is
added at coordinate 4. Then, the perturbed FRF h44 is
obtained. As shown in Figure 6, the measured FRF shifts
to the left compared with the exact FRF, where the natural
frequencies of the measured FRF decrease. Meanwhile,
the perturbed FRF has a signal burr due to the airflow
distribution compared to the measured FRF h44.

The proposed method is utilized to eliminate the mass
of transducers with the airflow distribution. The corrected
and exact FRF h44 are presented in Figure 7. Results
showed that the proposed method successfully eliminates
the multi-transducers mass loading effect, and the cor-
rected FRFs match perfectly with the exact FRFs. The
proposed method has robustness for the airflow
distribution.

Conclusion

To simulating the quasi-zero gravity environment of
space, the air flotation method is widely used. The mass of
the air cushion unit and the airflow disturbance inevitably
pollute the measured data, which affects the accuracy of
modal identification. The elimination method is utilized to
remove adverse effects by using the measured FRFs. The
advantage of the presented method is that it can eliminate
mass loading effects of air cushion units straightforwardly
based on measured data in the air flotation method, which
can improve the accuracy of modal identification. The

Figure 5. Force analysis with the airflow disturbance in the horizontal direction.

Table 2. Natural frequencies of the exact, measured, and corrected FRFs.

Mode order 1 2 3

Exact frequency (Hz) 0.262 1.644 4.606

Measured frequency (Hz) 0.250 1.564 4.350
Error of exact and measured frequency (%) 4.58 5.10 5.56

Corrected frequency (Hz) 0.262 1.644 4.606

Figure 6. Comparison of frequency response functions
obtained in three cases.

Figure 7. Comparison of corrected (including airflow
disturbance) and exact frequency response functions.

Zhu et al. 2847



disadvantage of this method is that when the structure is
complex and there are many air cushions arranged, the
amount of frequency response function data required by this
method is large, and a certain calculation time is required.
After using the proposed method, the corrected FRFs from
the measured data are in quite good agreement with the
exact value. Besides, the proposed method has robustness
for the airflow distribution in the flotation method, which is
of great significance in aerospace engineering.
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Appendix

Notation

h Frequency response function
K Stiffness matrix
M Mass matrix
ma Mass of each air cushion
Ri Random force of each air cushion in the horizontal

direction; i indicates the number of air cushions
Si Gravitational force of every air cushion
Ti Buoyancy
W Weight of the structure
X Response output
Z Dynamic stiffness matrix
ω Angular frequency (rad/s)
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