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Abstract. In modal testing, the force transducer and accelerometer mounted on the test structure
will introduce extra mass effects to the system and then affect the measured Frequency Response
Functions (FRFs). This paper proposed a method for assessing sensor mass effects on the
measured FRFs in shaker modal testing. The assessment method offers some distinct advantages
where very few FRFs measurements are required, and more importantly it does not require
calculations involving several measured FRFs, hence avoiding further contaminations of the
measured data. In view of two different ways of response measurements, two cases have been
discussed: (1) shaker + laser Doppler vibrometer and (2) shaker + accelerometer. In case (1), only
force transducer mass need be assessed. In case 2, however, both force transducer and
accelerometer masses should be considered. Especially in Case 2, the overall as well as the
individual mass effects of the two transducers were assessed. It is found that the assessment
method is quite effective in the experimental validation for Case 1. A simple numerical example
for Case 2 presented also illustrates the good theoretical performance of the method. The same
example is extended to incorporate simulated noise, simulating an experimental situation, and it
is shown that the accuracy of assessment results will be affected to some extent by the noise. It is
suggested that the measured FRFs be preprocessed using the curve-fitting procedure before
applying the proposed method.

Keywords: frequency response functions (FRFs), shaker modal testing, assessment of transducer
mass effects, accelerometer, force transducer.

1. Introduction

In modal testing, the measured Frequency Response Functions (FRFs) are often inaccurate due
to the transducers mass effects [1-6]. Clearly, lighter transducers are preferable, however, they
have a high cost and are not always available. Furthermore, even small (or lightweight) transducers
may also introduce great mass effects when the test structures are small and flexible. Some
correction methods of removing transducer mass effects from the measured FRFs have been
investigated in [7-13]. Generally, these correction methods have some points in common in that
several FRFs have to be measured and be involved in the calculations. Moreover, a significant
point is that the correction accuracies of these methods are to a different extent sensitive to the
noise, thus weakening their performance in the practical application. Inevitably, any transducers
mounted on the structures will more or less introduce extra masses to the system and then change
their dynamic characteristics. However, the mass effects are not significant in all the tests.
Especially in the test in which the mass ratio of transducer and test structure is very small, the
transducer mass effects are negligible. These insignificant mass effects are generally ignored
intentionally rather than being corrected so as to improve the efficiency of the modal test. Thus, it
is suggested that “obvious” mass effects be corrected and the “negligible” be ignored in the
engineering practice. But how to judge the mass effects “obvious” or “negligible”? So far, it
generally relies on the empirical judgment of engineers, or according to the mass ratio of the
transducer and test structure. However, even in the case of the same mass ratio, transducer mass
effects vary with different sensor mounting positions [14]. Moreover, even with the same sensor
installation location and same mass ratio, the mass effects on different orders of modal are not the
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same. Therefore, the quality of transducer mass effects cannot be judged empirically. It depends
on the magnitude of transducer mass, mass ratio of the transducer and test structure, installation
position of the transducer and modal order. In order to properly process the transducer mass effects
in engineering (“correct” or “neglect”), a quick method for assessing transducer mass effects on
the measured FRFs is essential.

From a practical point of view, a comparison between the natural frequencies of the measured
FRF and those of the exact FRF is a suitable criterion for assessing the quality of the transducer
mass effects [15]. When there is no discernible change in the natural frequency of the structure
due to the attachment of the transducer, the measured FRFs can be judged to have a good quality.
Otherwise, the results are not reliable, and there is a necessity to remove the transducers mass
effects from the measured FRFs. Therefore, to assess the transducer mass loading effect, the main
task is to obtain the natural frequencies of the measured FRFs and exact FRFs, respectively. The
first ones can usually be easily acquired from conventional measurements of FRFs; however, the
later ones are often difficult if it is not impossible to access them from an experimental test. Ashory
[15] investigated a method of assessing the mass-loading effects of accelerometers by using an
extra mass with the same mass as that of the accelerometer. The current authors presented a quick
method for assessing transducer mass effects on the measured FRFs in an earlier work [16], and
this article expands on that work with additional theoretical results and illustrates the theory with
modeling as well as experiments.

This method firstly predicts the natural frequencies of the exact FRFs (corresponding to
original structure) based on the measured FRFs, and then assessing the quality of the transducer
mass effects by comparing the natural frequencies of the exact and measured FRFs. Some
advantages of the proposed method are: (1) very few FRFs measurements are required, and more
importantly (2) it does not require calculations involving several measured FRFs, hence avoiding
further contaminations of the measured data. In what follows, the overall as well as the individual
mass effects of two transducers (force transducer and accelerometer) were assessed. In literature
[7], correction of transducer mass effects from the measured FRFs in the two cases has been
discussed. The assessment methods in this paper are based on some theory conclusions of the
correction methods given in [7].

2. Assessment of transducer mass effects on measured FRFs

Fig. 1 shows the force transducer mass effects on a clamped-clamped beam. According to [1],
the point FRF and transfer FRF can be corrected by employing Eq. (1) and (2), respectively:

)
A
pp ®)’
i
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_ p
Alp - ()’ (2)
1-meA,;

where Ag;) and A4,, are measured and exact point FRFs, respectively. AEZ) and Ay, are measured
transfer and exact FRFs.

Clamped-clamped beam p . fm
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Fig. 1. Force transducer mass effects on clamped-clamped beam
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Eq. (1) and (2) perform perfectly in theoretical conditions, however, their practical applications
are usually not satisfactory due to the noise pollution in FRFs measurements. When the measured
FRFs Ag;) and Agj) are contaminated with noise, the multiplication and division operations in
Egs. (1) and (2) will further amplify the noise effects on the results of A, and A;,,. Thus, the
corrected results A, and A, will be affected and the natural frequencies extracted from Ay, (or
Ajp) may be inaccurate.

A new approach of predicting the exact natural frequencies is presented here in some other
way. It is obvious that both A, and A, have natural frequencies at w, where 4,,, and 4,, have
their local maximum amplitudes. Note that w, here refers to a set of natural frequencies
(w1, W, W ...corresponding with different orders) of the original structure. Making a further
investigation of Eq. (1) and (2), we will find that w, will make the denominator of Egs. (1) and
(2) approximate to zero. Especially when the system under consideration is undamped, w, will
make the denominator of Egs. (1) and (2) equal to zero. By equating the denominator of Egs. (1)
and (2) to zero and then solving the resulting equation, one yields:

1
) _
App = Ef 3)

With respect to Eq. (3), the graphical method is utilized here for the convenience in practical
application. It means that if Ag;,) is drawn on a graph together with 1/my, the frequencies at their

intersection points can be considered as the natural frequencies (denoted as w,) of the original
structure. It should be mentioned that Ag;) is complex and its module is used as the plot data. If

the natural frequencies of Ag;) and Ag) are denoted as wﬁp), the mass effect of force transducer

can then be assessed by the comparison of w, and wr(p). For example, if the first mode is our
concern, the mass effects can be quantified by:
Aw; = |0 — w,|. “
If the value of Aw; is less than the allowed error, it can be considered that the transducer mass
effects are not apparent and can be ignored. Otherwise, the original measured FRFs are not
acceptable and should be corrected by employing Egs. (1) and (2).
Note that the assessment method is just right applicable for case 1: shaker + laser Doppler

vibrometer modal testing in which only force transducer mass effects are involved. Details for this
case are discussed in section 2.1.

2.1. Case 1: shaker + laser doppler vibrometer

Laser Doppler vibrometer is welcome in shaker modal testing for the very advantage of
non-contact measurement that will not introduce extra mass effects to the test. It is scanned
sequentially from one point to another one to measure the response of the different points. The
implementation regarding to the case 1 can be seen in Fig. 2.

Clamped-clamped beam

Force transducer

Fig. 2. Shaker + laser doppler vibrometer measurement
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In view that Doppler vibrometer is commonly used to measure a velocity signal. However, the
FRF in Eq. (3) refers to accelerance. This presents no complication since accelerance and velocity
FRF can be transformed into each other. By dividing both sides of Eq. (3) by jw, we can easily
get:

1
®
Uy =——)
= jom, (5)
where vz?;) is the measured velocity point FRF. As only one point FRF measurement is required,

Eq. (5) is very practical for the assessments of the transducer mass effects on the measured FRF
in shaker + Laser Doppler vibrometer modal testing. Note that the transducer mass effects on the
point FRF are identical to that on the transfer FRFs. This is because the force transducer is installed
at the same point throughout the point FRF and transfer FRFs measurements. It means that the
structure has not been changed during the point FRF and transfer FRFs measurements. Therefore,
the measured point FRF and transfer FRFs (corresponding to modified structure) have the same

natural frequencies (wip) , wgp), wép), o, wﬁp), ) And the exact point FRF v, and transfer FRF

vy, (corresponding to original structure) also have the same natural frequencies

(w1, Wy, W3, ..., Wy, ... ). Both the mass effect on point FRF and transfer FRFs can then be assessed
)

by the comparison of w, and w," .

2.2. Case 2: shaker + accelerometer

In case 2, both the force transducer and accelerometer will affect the measured FRFs. The
overall mass effects of the two transducers can then be assessed by a comparison of the natural
frequencies of the exact FRF and those of the measured FRF. Note that the transducers mass
effects on the point FRF are different from that on the transfer FRFs due to the varying location
of the accelerometer. Thus, the assessments of transducers mass effects on point FRFs and transfer
FRFs are respectively discussed in the following two Sections (2.2.1 and 2.2.2). Besides,
sometimes it may also be required to assess the individual mass effects of the two transducers. For
example, to assess the force transducer mass effects, it requires a comparison of the natural
frequencies of the exact FRF and those of a “special FRF” in which only force transducer mass is
involved. Therefore, in each Section (2.2.1 and 2.2.2), the overall as well as the individual mass
effects of the two transducers are assessed.

2.2.1. Assessment of mass effects on point FRF

This situation presents no complication when the point FRF is assessed because the response
co-ordinate coincides with the shaking point, as shown in Fig. 3. The two-transducers masses can
be considered as an integrated mass. By replacing m; with (my + m,) in Eq. (3), we can easily
obtain Eq. (6) from which the natural frequencies w, of the exact FRF A, can be predicted. If

(P1,p2)
App

natural frequencies of the measured FRFs are denoted as a)ﬁpl‘ pZ), the overall masses

effects of the two transducers can be assessed by the comparison of w, and wﬁpl’ P2) Note that P1
and p, denotes force transducer and accelerometer mass effects, respectively:

1

APLP2) _ ]
e my +m,

Q)

To assess the force transducer mass effects separately, we should obtain the natural frequencies

(denoted as a)ﬁpl)) of point FRF Ag;}) which is the “special FRF” mentioned above. This situation
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becomes complicated since A(pl) is not available from a straightforward measurement. To obtain

(pl) , a similar method as that of predicting the exact natural frequency w, (see Eq. (3)) is utilized
again. First, A(pl) is derived by employing the mass correction method [7, 8] (removing the

accelerometer mass effects from A(p1 pZ)) as shown in Eq. (7):

- (p1.02)
APD — pp _ %)
pp ),
1— maA;l;l p2)

It can be found that A;’;}) has natural frequencies at w(pl) that make the denominator of Eq. (7)

approach zero. By equating the denominator of Eq. (7) to zero and then solving the resulting
equation, one yields:

1
(P1p2) _
Am} = m—a (8)

Then, a)(pl) can be easily obtained according to Eq. (8) by the graphical method. Thus, the

(r1)

mass effects of force transducer can be assessed by the comparison of w,;”*’ and w,..

Similarly, to assess the accelerometer mass effects individually, A(l;f) can be obtained by

removing the force transducer mass from A(p1 P2),

) (p1p2)
A®2) pp )
pp (p1.02)’
1-meA,, "

where A(pZ) is point FRF in which only accelerometer mass is involved. Likewise, A(pZ) has

natural frequencies at w(pZ) that make the denominator of Eq. (9) equal to zero and then solving

the resulting equation, one yields:

1
(P1.p2) _
A = o (10)

(p2)

Then, accelerometer mass effects can be assessed by the comparison of w,”*’ and w,..

Accelerometer (171a)

3

Force Transducer (I’m)/%

Shaker

Fig. 3. Measuring point FRF A;I;;.pz)

2.2.2. Assessment of mass effects on transfer FRFs

The discussion in the previous section indicates that the mass effect on point FRFs is the same
as that on transfer FRFs in case 1. In case 2, however, the mass effects are changing due to the
movement of the accelerometer for different transfer FRFs measurement. Assuming the natural
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frequencies of Agl'l) to be wﬁpl‘l), the total mass effects of the two transducers on the measured

transfer FRF can be assessed by the comparison of wﬁpl'l) and w, which can be readily obtained

from Eq. (6).
The situation becomes more complicated when the two-transducers mass effects on the

measured transfer FRFs are separately assessed. To assess accelerometer mass effects, we should

first get the natural frequencies a)ﬁl) of transfer FRF AEI? in which only accelerometer mass is

involved. Since AEL) is also not available from the straightforward measurement, the mass
correction method is utilized again. A%) can be obtained by removing the force transducer mass

effects from Ag,’l‘l), as shown in Eq. (11):

o lp
A =——- (11)
Ilp 1— mng;}‘l)

Unfortunately, Ag,) is still unachievable as Ag;l'l) in Eq. (11) cannot be measured directly.

(p1.D)
pp

, as it can be seen in Eq. (12):

Correction method is utilized again, and A can be obtained by removing the accelerometer

mass effects from Ag;}‘ p2t)

LD (P1.p2,1)
4P1D PP . (12)
pp (P1p2.D)
1-myAy,

It should be noted that Ag;l' P21 is measured with a dummy mass m, (equals the mass of the
accelerometer m,) attached to point [, as shown in Fig. 5.

Accelerometer (714) Dummy mass (71d)  Accelerometer (172a)

B p gy

/ %ﬂ / %
Force Transducer (77/) Force Transducer (72/)
Shaker Shaker

Fig. 4. Measurement of transfer FRF Agl’l) Fig. 5. Measurement of point FRF Ag,l‘pz’l)
Substituting Eq. (12) into Eq. (11), one yields:

(r1.D) (p1.p2,D)
A(l) _ Alpl 1- maAm,1 g

lp D2.D)"
1—(m, + mf)Ag;l p2l)

(13)

Thus, Ag,) has natural frequencies at wﬁl) that make the denominator of Eq. (13) approach zero
and then solving the resulting equation, one yields:

1
mg +mg

(14)

(pop2,D) _
App -

Thus, wr(l) can be obtained from Eq. (14). Then, the accelerometer mass effects on the
measured transfer FRF can be assessed by the comparison of wﬁl) and w, which can be readily
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obtained from Eq. (6). So far, the quality of accelerometer mass effects on the measured transfer
FRF has been assessed.
To assess force transducer mass effects separately, we should first get the natural frequencies

wﬁpl) of transfer FRF Agjl) in which only force transducer mass gets involved. The situation of

measuring Agl) is contradictory since the accelerometer mass should not be attached (at point 1),
while, the measurement cannot be performed without the accelerometer. Fortunately, the transfer
FRF Agl) have the same natural frequencies a)ﬁpl) as those of the point FRF Ag})
already available from Eq. (8). Thus, the natural frequencies wr(pl) of Agl) can also be predicted

which are

using Eq. (8).

Besides, some researchers have investigated the mass correction methods which can also be
employed here to obtain Ale) by removing the accelerometer mass from the measured transfer
FRF Agl'l) . Two different methods have been discussed by Carkar [8] and Ashory [11],
respectively. According to the measurement scheme in Fig. 6 given in [8], Agl) can be acquired

(p1.D)
A lpl

by removing the accelerometer mass effects from using Eq. (15):

(p1.p2) (p1.p2,1)
Appl — App

APV = (15)

D2,l , :
maAE;h D2 )(1 _ maA;Z;: pz))

The detailed measurement process is as follows:

(P1,p2)
pp

* Measuring transfer FRF Agjl'pz‘l) according to Fig. 6(a),
* Measuring point FRF Ag;}' Pzh) according to Fig. 6(b).

It should be noted that the chosen dummy mass m, equals the accelerometer mass m, in
Fig. 6.

* Measuring point FRF A according to Fig. 3,

1
The accelerometer mass can then be removed from the measured transfer FRF AEZl )
according to Eq. (15).
Accelerometer (77a)  Dummy mass (1724) Dummy mass (7d) ~ Accelerometer (771a)

izl rgy vl p@@f

/ % / %ﬂ
Force Transducer (7717) Force Transducer (7717)
Shaker Shaker

a) Measurement Onggl'pz’l) b) Measurement of Ag;;’pz’l)

Fig. 6. Measurements using accelerometers and dummy mass

In Eq. (15), Aggl) has natural frequencies at a)ﬁpl) that make the denominator of Eq. (15)

approach zero and then solving the resulting equation, one yields:
1
(P1p2) _
Ay = —_ (16)
Thus, the natural frequencies a)ﬁpl) of Agjl) can be predicted from Eq. (16). It is not surprising
that the Eq. (16) coincides with Eq. (8) which is previously mentioned for predicting the natural
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frequencies of Ag;l).

According to literature [11], the mass effects of accelerometer can be eliminated from the
Agl‘l) using Eq. (17), see Fig. 7:

D) 7(pt —
Agjl )Agl )(ma - ma)

o)) _ = 00D’
mgA;," — MaAy,"

APV = (17)

where Agl‘l) and /Tgl'l) are measured according to Fig. 7(a) and (b), respectively. Agl) is
corrected transfer FRF after removing the mass effects of accelerometer.

Accelerometer (71a) Accelerometer (771,)

ool P r@‘ P

i i

Force Transducer (1717) Force Transducer (772/)
Shaker

Shaker

a) b)
Fig. 7. Repeated measurement of transfer FRF using two accelerometers with different masses

Thus, Agl) has natural frequencies at a)ﬁpl) that make the denominator of Eq. (17) approach

zero and then solving the resulting equation, one yields:

D _ = il
maAgf,’l ) = maAg:1 ),

(18)

Thus, a)ﬁpl) can also be obtained from Eq. (18). And it can be seen that both Eq. (16)
(or Eq. (8)) and (18) can be employed to obtain the natural frequencies a)ﬁpl) of Aggl).

Table 1. Conclusion of assessment method

FRFs to be Transducers Natural Frequencies FRFs required to be
assessed involved to be compared measured
. Point FRF
Case I: ® Force transducer Wy, wﬁp) UZSZ)
Shaker + laser Vpp
Doppler Transfer
®)
: ® Force transducer w,, 0P v
vibrometer FRF v} s Wy pp
) Force transducer w,, wﬁpl) Ag;l'm)
Point FRF @2 NS
@12 Accelerometer Wy, 0,77 Ayt
pp
Case 2: Two transducers Wy, PP Ag;,l'pZ)
Shaker T ) g 1) A;I;)l:pz) or
orce transducer Wy, W _
+ accelerometer Transfer s Wr ( Ag;pl) and Agzl'l))
L
FRF Agl ) Accelerometer Wy, wﬁl) Al([,’;l’m), Ag;}’pz'l)
Two transducers w,, a)ﬁpl'l) Ag;,l’m), Agl’l)

So far, assessments of transducer mass effects on both point and transfer FRFs have been
investigated. Besides, the overall as well as individual mass effects of two transducers have been
assessed, respectively. The conclusions are given in Table 1.
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3. Verification of assessment method
3.1. Experimental validation for case 1: shaker + laser doppler vibrometer

A clamped-clamped beam is chosen as the test object in this case, shown in Fig. 8. The density
and dimensions of the beam are 7.8 g/cm? and 400x50x5 mm?, respectively. The force transducer
mass is 0.025 kg and there is no acceleration sensor involved in this test. Nine measurement points
are evenly arranged along the longitudinal direction of the beam. And the exciting is fixed at point
5 while the response measurement is varied sequentially from point 1 to point 9. To assess the
mass effects, we should first predict the natural frequencies of the exact point FRF vs5 according
to Eq. (5) and then compare the predicted natural frequencies with those of the measured FRF
vs(g). However, the correctness of the predicted natural frequencies cannot be judged since the
exact dynamics of the supported beam are not known to us in advance. Therefore, the effectiveness
of the assessing method cannot be evaluated. To solve this problem, two sets of experiments are
conducted in this study. Detail of the experiments design can be found in [7].

Firstly, FRF v_rf;) (without extra mass m,,;) and vé:) (with extra mass m,,; = 0.025 kg) are

measured, respectively. Then the natural frequencies of target FRF Vs(;) can be obtained using
Eq. (5). Since the exciting point 5 is located at the middle of beam, the second resonance is not
excited and only the first and third resonance frequencies are exhibited, as it can be seen from

Fig. 9. What’s more, the curves of "5(:) and 1/(jwmy) intersected at some points, as expected. As
clearly shown in Fig. 10, the curves with respect to vs(:) and 1/(jwmy) intersect at two points
(C, and D,). However, point C; is the only solution we are expecting. This is due to the fact that
the curve of 175(? (which is complex) is figured using its absolute value, which makes one more
intersection D, appear. As known to all of us, the natural frequencies of the affected structure
(with the extra mass attached) should be lower than those of the unaffected original structure

(without the extra mass attached). Therefore, the frequency of point D; which is lower than that
of point B; (corresponding with the natural frequency of vs(g)) should be excluded from the
solutions. Furthermore, the predicted natural frequency (see point C; at 96 Hz) is consistent with
that of the target FRF vs5 (see point A; at 96 Hz), which demonstrated the effectiveness of the
proposed method. Similar observations can also be made for the third natural frequency illustrated
in Fig. 11. Somewhat deficient is that the predicted third frequency C, (724 Hz) deviates slightly
from that of the target one A, (722 Hz). This is due to the noise contamination in the measurement
and the curve of the measured FRF vé:) in frequency bands 650-800 Hz is not as smooth as that
in 50-150 Hz. However, this small deviation (between A, and C,) is acceptable compared with
that between A, and B,. From the mass effects assessment, it can be found that a 4 Hz change in
the first natural frequencies of the beam is little and can be ignored. However, for the third natural
frequency, an error of 24 Hz is too large to be negligible.

Fig. 8. Shaker modal testing of clamped-clamped beam using Laser doppler vibrometer
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Fig. 11. Comparison of predicted and target third natural frequency
3.2. Numerical simulation study for case 2: shaker + accelerometer

A two-degrees-of-freedom simulated modal testing system shown in Fig. 12 was presented for
the verification of the proposed method. The system parameters are given in Table 2. The
“measured” accelerances matrix A is numerically generated according to Eq. (19):

—w?

A= ,
K—w? M+j-w-C

(19)

where A is accelerances matrix. And M, K and C are mass, stiffness and damping matrixes which
are assembled by employing the system parameters given in Table 2.

(marmf) and A(ma‘ mf)

Then accelerances 4,, 12

are shown in Fig. 13.

can be extracted from the matrix, and their curves

Accelerometer (m1a)

k, @é Stinger
W
m = m
1 2
c Force

transducer ()

a) Measuring ASZ“’ )

Accelerometer (ma)

kl&évsz
—1H

Stinger

mi

Force
transducer (my)

Mg, My)

b) Measuring Agz

Fig. 12. Simulated modal testing

Generally, the driving point FRF and transfer FRFs of the same system should have the same
resonance frequencies. In Fig. 13, however, the resonance frequencies of the point accelerance
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Ag:a' ) are inconsistent with those of the transfer accelerance Ai’:a' s ). This is due to the fact
that the accelerometer is attached at different points when the point FRF and transfer FRF are

measured. Thus, the accelerometer mass effects on point accelerance Ag:a' ™) are different from

that on transfer accelerance Airzna' s ).

Table 2. System parameters
m; =03Kg | ¢ =0.1Ns/m | k; =12000N/m | mf =0.06 Kg | m, = 0.05 kg
m, =0.1Kg | ¢; =0.12Ns/m | k, =7000N/m | m, =0.08 Kg

80

By Ar (mgomy)
JRT T 171 2 — Amams
19.5H: 12
gop  (19H2) B, (43.7Hz)

40r

20r

Accelerance (mod. dB )

Mo 20 30 40 50 60
f/Hz

(mg,m

Fig. 13. The “measured” point accelerance 4,, (T, 15)

2 and transfer accelerance 4,

3.2.1. Assessing the transducer mass effects on point accelerance 4,,

According to the proposed method, only the measurement of point accelerance A;rzna, ™ |
required to predict the natural frequencies of Ag;“), AS:f ), and A,,, hence assessing the force
accelerometer, transducer and their overall mass effects on the measured point accelerance

A;T:a'mf ), respectively. The overall mass effects of the two transducers can be assessed by

comparison of the natural frequencies of the “measured” accelerance A;T:a'mf ) and those of the
exact accelerance 4,,. According to Eq. (6), the natural frequencies of A,, can be acquired by

searching the intersection points of A;T;a' ) and 1/(mg +mg ). As is shown in Fig. 14, the

curves of A;T:a'mf ) and 1/(ms + m, ) intersect at points Cy, C; and Dy, D,. However, D; and D,
are excluded from the solutions by the common sense that the natural frequencies of A,, (without

transducers attached) should be higher than those of A;Zla' ) (with transducers attached). Thus,
the remaining points C; (25.7 Hz) and C2 (52.1 Hz) correspond with the first and second natural
frequency of A,,, respectively. For comparison purpose, the exact accelerance A,, is also
numerically generated in Fig. 14. And it can be found that the resonances frequencies 4, (25.7 Hz)
and A, (52.1 Hz) of A,, are in a quite good agreement with the predicted ones C; (25.7 Hz) and
C, (52.1 Hz), which demonstrate the effectiveness of the proposed method.

Similar observations can also be made for the assessment of the individual mass effects of
accelerometer and force transducer illustrated in Fig. 15 and Fig. 16. In Fig. 15, the natural

frequencies of Agzn“) can be found at the intersection points (C; (21.7 Hz) and C, (46 Hz)) of

AS:“' ) and 1/mg . And the natural frequencies of A;Zlf )

(C; (22.6 Hz) and C, (46.9 Hz)) ofAS:a' ) and 1/m, , as it can be seen in Fig. 16.
Table 3 shows the shifts of natural frequencies of point accelerance A,, due to the transducer
mass effects. In this table, the second, third and forth columns correspond with natural frequencies

can be found at the intersection points
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shifts caused by the accelerometer, force transducer and their overall mass loading effects,
respectively. The natural frequencies shift in the fourth column indicate the quantity of the
transducers masses effects in shaker 4+ accelerometer modal testing (the mass of both two
transducers is involved). And the second column can be considered as the accelerometer mass
effects in hammer + accelerometer testing (only accelerometer mass is involved). The third
column can be considered as force transducer mass effects in shaker + Laser Doppler vibrometer
modal testing (only force transducer mass is involved). It can be predicted from the second and
third column that if this system is respectively tested in hammer + accelerometer and shaker +
Laser Doppler vibrometer cases, the mass effects of accelerometer in the former are larger than
that of force transducer in the later. This is due to that the mass of the acceleration sensor is larger
than that of the force sensor, and two sensors are installed in the same location.

80 T T 80

R e e R (m ;)
B A | Am B, (A An

60 (19,5117 ] 257H2) e/, ) 60 Ly 1/m, |
o B, ~ g [P Az (46Hz)
Q — A4, T @a3my) 3 2
5 401 " 5 40
(o] o
£ b S £ 06—t 0—to—bd SO
@ 20 AR D N B ) 8 20 LSO //
Q i . o Ul o T T 7
c | T Tl s | | T
g 7 T 3
o 27 Q< 4
§ 0 § 0
< <

-20F -20 9

-4010 20 30 40 50 60 _4(%0 20 30 40 50 60

f/Hz
Fig. 14. Prediction of natural frequencies of 4,, for
assessing overall mass effects of two transducers

flHz

Fig. 15. Prediction of natural frequencies of A(272n“)
for assessing accelerometer mass effects

80 T T

B, A b
(22.6H7)

60 A; (46.9Hz)

40

20 P 9/

Accelerance (mod. dB )

9 30 40 50

f/Hz
(mg)
22

60

Fig. 16. Prediction of natural frequencies of A for assessing force transducer mass effects

Table 3. Shift of natural frequencies (Hz) of point accelerance A4,, due to
accelerometer, force transducer, and their overall mass effects

Accelerometer | Force transducer | Overall
First order 4.0 3.1 4.1
Second order 6.1 5.2 8.4

3.2.2. Assessment of transducer mass effects on transfer accelerance A4,

The overall mass effects of the two transducers on the transfer accelerance can be assessed by

. . (mg, mg)
a comparison of the natural frequencies of the “measured” accelerance Alza 7 and exact

accelerance A;,. This presents no complication since the natural frequencies of A,, are the same
as those of A,, which are readily acquired in the previous discussion. Thus, the natural frequencies
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of A;, can also be found at the intersection points (C; (25.7 Hz) and C, (52.1 Hz)) of A(ma' )
and 1/(mg + m, ), as shown in Fig. 17.

To assess the individual mass effects of accelerometer, an extra measurement of point FRF
A;T:a' e ma) is required to predict the natural frequencies of Agrzna) according to Eq. (14). As

(Ma Ty M) 3hd 1 /(ms + m, ) intersect at points C; (24 Hz) and C, (49.7 Hz)

which correspond w1th the first and second natural frequency of A( o) , respectively. The force

transducer mass effect on the transfer accelerance can be assessed by a comparison of the natural
(mg)

shown in Fig. 18, A,,

frequencies of the “measured” accelerance A;,”"" and those of the exact accelerance A,. The
natural frequencies of A1, are identical with those of 411 which are readily obtained before. Since

A( ” has the same natural frequencies as A ") , the natural frequen01es of A( 2

found at the intersection points (C; (22.6 Hz) and C, (46.9 Hz)) of A( w and 1/m, , as it can
be seen from Fig. 19. It is not surprising that the same results (1ntersect10n points C; (22.6 Hz) and
C, (46.9 Hz) in Fig. 20) can also be obtained by employing another method (using two
accelerometers with different masses, see Eq. (18)). For the comparison purpose, 4;,, Ag’z’la) and
Airznf ) are numerically calculated and also shown in Figs. 17-20, respectively. It can be seen that
the predicted natural frequencies are in a quite good agreement with the calculated ones.

can also be

80 P 80 ( T
------ Al . R
3, Al e A

60 (1951 | 25712 =1/ (m, +m,) N 1 60t §124HZ) 1/ (m, +m,) A ]
- 4, B, (52.117) o i — A s (49.7H2)
S 40 - S 40t A A
° he] l 1
o o
£ EUN
8 205 o b o el STe—g o g 20¢ ; AC
c c - RO £ D. C
S - o ./
3 oF % of i J
o i Q s !
e A o v
< i < i

H k]
201 i 1 -20t i J
-4(%0 20 30 40 50 60 _4010 20 30 40 50 60

f/Hz

Fig. 17. Prediction of natural frequencies of A4,

for assessing overall mass effects of two transducers

80

N P @
o o o =)

Accelerance (mod. dB )

N
o

%

20

30
f/Hz

50

60

(f)

f/Hz

Fig. 18. Prediction of natural frequencies of A( a)
for assessing accelerometer mass effects

50

401

30r

Accelerance (mod. dB )

fIHz

60

(f)

Fig. 19. Prediction of natural frequencies of 4]
for assessing force transducer mass effects

Fig. 20. Prediction of natural frequencies of A;
(using two accelerometers with different masses)
for assessing force transducer mass effects

Table 4 shows the shifts of natural frequencies of transfer accelerance A, due to the
transducer mass effects. It is not surprising to find that individual mass effects of force transducer

3484
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on the transfer accelerance A,, are identical to that on the point accelerance A,,, as discussed
before (see Table 1). However, compared with Table 3, a significant difference in Table 4 is that
the individual mass effects of accelerometer are less than that of force transducer although the
mass of accelerometer is larger than that of force transducer. This is primarily due to the fact that
installation positions of the two sensors are different. It is further illustrated that the quality of
transducer mass effects is not only related to magnitude of transducer mass, but also to installation
location of transducer.

Table 4. Shift of natural frequencies (Hz) of transfer accelerance A4,, due to

accelerometer, force transducer, and their overall mass effects

Accelerometer | Force transducer | Overall
First order 1.7 3.1 6.2
Second order 2.4 5.2 7.8

3.2.3. Discussion of methods with noisy data

It can be seen from the above discussion that the natural frequencies of Agma), A;T;f ), A,, and

2
AST“) , Airznf ), Ay, are needed for assessing the transducer mass effects on point and transfer

22
measurements are required to predict these natural frequencies. It means that the accuracy of the

proposed assessment method depends largely on the measurement accuracy of Ag;a' ") and

Ag:a' i md). The following simulations are presented to verify the effectiveness of the methods

with noise-contaminated FRFs. The same system given in Fig. 12 is utilized here. The difference

accelerance, respectively. And a total of only two point FRFs (A(ma' " and A;Zla' i md))

is that Agga' ™ and Ag;a' D e numerically incorporated with the white Gaussian noise
(zero mean and variance §2). The noise level y is defined as:

__ b
|Hij(w)|2 ,

mean

2

(20)

where |Hl- (W) |mean is the mean absolute value of H;;(w) in the frequency range of interest. The

noise levels in this example are set to be 0.5 %, 1 %, respectively. Note that the FRF is a complex
value; the random noise should be added to the real and imaginary parts of the FRF, respectively.
The prediction results corresponding to 0.5 % noise are presented in Fig. 21.

80 : ; 80 ‘
...... Az(;'” my) — A;;,,,,m, )

60 1/ (m, +m,) , 60 E —— 1/ (m, +m, 1

é - Azz i é ,'-.n, — Azz i
> 40t 1 . 40+ i 1

3 Jis 3 A A N
E N ¢ E o f 3
g 20f / : 28 20
c =4 Lk
8 8
(5] [}
g 0 i s offt
S ]
< <

-20t b -201

5 f
4 ‘ ‘ ‘ ‘ 4 ‘ ‘ ‘ ‘
%o 20 30 40 50 60 %o 20 5 £ 30 40 50 60
f/Hz f/Hz
Fig. 21. Prediction of natural frequencies Fig. 22. Prediction of natural frequencies
of A,, (0.5 % noise) of A,, (1 % noise)

It is seen that the results (C; and C,) are less affected by the noise. This is because Agga' ™)

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. AUG 2017, VOL. 19, ISSUE 5. ISSN 1392-8716 3485



2545. ASSESSMENT OF TRANSDUCER MASS EFFECTS ON MEASURED FRFS IN SHAKER MODAL TESTING.
JUN REN, JUN WANG

and 1/(m; + m, ) intersects at the points (C; and C,) corresponding to relatively large amplitudes

which are contaminated less than the small amplitudes. With the noise level increasing to 1 %, the

affected Agga' ) exhibits a lot of glitches. And several intersections points of Agga'mf ) and

1/(ms +mg ) being found in the frequency ranges [fi, f2] and [f3, f,] make it difficult to
determine the accurate results (see Fig. 22). In this case, it is suggested that the measured FRFs
be preprocessed using the curve-fitting procedure before the proposed assessment method is
applied. The method may work well with the curve fitted data. Similar observations can also be

1) and Ag’zna), AT

22 12 - However, they are

made for predicting the natural frequencies of Ag;“), A
not presented here for sake of brevity.

4. Conclusions

The measured FRFs are often affected due to the mass of transducers mounted on the structure.
This paper proposed a method for assessing transducer mass effects on the measured FRFs. The
assessment is performed by comparing the natural frequencies of the measured FRF and those of
the exact FRF. The conclusions are:

1) In Case 1: shaker + laser Doppler vibrometer, only one point FRF measurement (vrgl;,)) is
required for assessing the force transducer mass effects on point FRF and transfer FRF.

2) In Case 2: shaker + accelerometer, only one point FRF measurement (Ag;}’ pZ)) is required
to assess the transducer (whether force transducer or accelerometer or force transducer +
accelerometer is used) mass effects on point FRF. And one point FRF measurement (Ag;}'m)) is
needed to assess the force transducer mass effects on the transfer FRF; however, two point FRFs
(Ag;}‘ ?2) and Ag}'pz'l)) should be measured when assessing the accelerometer mass effects on

the transfer FRFs. Furthermore, one point FRF (Ag;}’m)) and one transfer FRF (Aggl'm))

measurements are required for assessing the overall mass effects of the two transducers on transfer
FRFs.

3) In both cases, the force transducer mass effect on point FRF is the same as that on transfer
FREF. However, the accelerometer mass effect on point FRF is different from that on transfer FRF.
This is because the force transducer is always fixed at a certain point in both cases, while, the
accelerometer has to be moved to different locations for different transfer FRFs measurements in
Case 2.

It is found that the assessment method is quite effective in the experimental validation for
Case 1. A simple numerical example for Case 2 presented also illustrates the good theoretical
performance of the method. The same example is extended to incorporate simulated noise,
simulating an experimental situation, and it is shown that the accuracy of assessment results will
be affected to some extent by the noise. It is suggested that the measured FRFs be preprocessed
using the curve-fitting procedure before applying the proposed method.
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