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Abstract

A new method is proposed to identify the structural joint parameters directly from the frequency
response functions (FRFs) of the substructures and the whole structure. The problem of the measurement
noise with non-Gaussian distribution in the FRFs, and the problem of joints with very different orders of
magnitude are especially discussed in this work. The new method uses an error function to select the best
data to identify the individual parameter so that the new method can function well under different strict
conditions. The accuracy of the new method and other two existing methods is compared under different
conditions in this work.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

In the past, computational simulation of structure dynamics has become more accurate, reliable
and less expensive. However, the accuracy of dynamic simulation depends on the accuracy of the
parameter of the structure. A real mechanical system usually consists of many components
connected together through different joints (for example, sliding joint, bolted joint, etc.). The
dynamic parameters of the joints generally are very difficult to know by theoretical methods.
Therefore, great efforts have been made in the field of experimental parameters identification in
the past. Some of the identification methods were developed to identify the parameters of the
whole structure [1-7], some methods were specially developed for the identification of joint
parameters [8—17]. Here only the methods to identify the joint parameters will be discussed.
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Basically, there are two different approaches to identify the joint properties, one is the model-
based approach; the other is the pure experimental approach. The model-based approach used
both the experimental data and the theoretical model by the finite element methods (FEM) to
identify the joint parameters [8—13]. The basic principle of the model-based approach is to
minimize the error between the FEM model and the experimental data with different techniques
or algorithms. The model-based approach has its advantages, for instance, many kinds of FEM
software are available in the market, and FEM becomes a standard method for structure analysis.
However, some modelling error may be introduced in the theoretical model by the finite element
approximation, especially the damping property of the structure. One knows that the stiffness and
mass properties of a structure generally can be accurately generated by the FEM, but the damping
property of a structure (not include the joint to be identified) generally cannot be generated
accurately by the FEM. The pure experimental approach uses only the experimental data to
identify the joint parameters [14—17]. Although the pure experimental approach can use the
experimental data in time domain or frequency domain to identify the joint parameters, the
frequency response functions (FRFs) are widely used in this approach. The main advantage of the
pure experimental approach is that the theoretical modelling error of the structure can be avoided.
However, the most troublesome problem of this approach is the unavoidable noise in the
measurement data. The method proposed by Tsai and Chou [14] directly used the measured FRFs
of substructures and the whole structure to extract the joint parameters. The method [14] is very
simple and can avoid the theoretical modelling error of the structure. However, the results showed
that the method practically had serious problem due to the unavoidable noise in the measured
FRFs. Because there are many advantages to use the FRFs directly to extract the joint
parameters, two different methods [15,16] have been proposed to minimize the effect of noise in
the measured FRFs. Although the methods [15,16] work well under normal conditions, and also
have been applied successfully to identify the joint parameters of real machines [18,19], our long-
term experiences show that the methods [15,16] may identify false results in some situations. The
situations are:

(1) If the noise distribution is Gaussian or near Gaussian with zero mean value, the methods
work well. However, if the noise distribution is non-Gaussian or Gaussian with mean value
(DC bias), the identified results become worse.

(2) If the orders of magnitude of the joint parameters are different significantly, the joint
parameters cannot be identified with reasonable accuracy, especially the smallest parameter.

In this work, a new identification algorithm is proposed to improve the identified results under
the above conditions. Although the method proposed in this work also uses the measured FRFs
to identify the joint parameters, and is the same as the previous works [15,16], for reference
convenient, the theoretical formulation in the next section begins from the basic theory.

2. Theoretical formulation

A real mechanical system usually consists of many components connected together by different
joints. Therefore, it is easy to divide the whole structure into substructures from the joints to be
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identified. For simplicity, in the following formulation the whole structure is divided into two
substructures from the joints to be identified, as shown in Fig. 1. It is assumed that the joints can
be modelled as linear spring and damper elements, as indicated by k; and d; in Fig. 1. The
objective of parameter identification is to extract the joint parameters from the frequency response
functions (FRFs) of the whole structure and substructures. With the definition of FRFs, the
relation between the displacement vectors and force vectors of substructures 1 and 2 (see Fig. 1)
can be written as

X | _ [Hedn[Hal | [ (F 0
{Xa} _[Hae]la[Haa]l_ {Fa}l + {F/}’l '
X} | _ [Hosh IHocl | [ {Foda + (F}}s o
{Xc} _[ch]2,[Hcc]2_ {Fc}2 '

where {X,} and {X;} represent the displacement vectors on the joint interfaces of substructures 1
and 2, respectively; {X.} and {X.} represent the displacement vectors on all other regions except
the joint interfaces of substructures 1 and 2. The vectors {F;}; and {F;}, represent the joint
internal force vectors acting on substructures 1 and 2. The vectors {F,}, and {F,}, represent the
external force vectors acting on substructure 1, while the vectors {Fj}, and {F_}, represent the
external force vectors acting on substructure 2. The force vectors {F;}; and {F;}, are equal in
magnitude and opposite in direction, i.e.,

Fij = —{Fj. )

The interface displacement vectors {X,,} and {X}} are related to the joint force vector by a transfer
function [H;]

X} — {Xo} = [H{F} (4)

Sub.1 Sub.2

Fig. 1. A structure including two substructures connected by joints, ki, d\, ..., ky, d,.
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with
[ ki + jod, 0, 0, - o 1
0 ky +jod,, 0, 0
[H]=[P] "' = 0 : : ,
0 0 ke + jord, |

where j = +/—1and ki, ks, ..., k,, d, da, ..., d, are the spring and damping coefficients of the joint.
If the whole structure is considered, the relation between the displacement vector and the force
vector can be expressed as

{Xe} (Heel, [Heals [Hel, [Hee {Fe}y
Xab | [Hael [Had [Hal, [Hoel || 1Fa} ' 5)
{ X} (Hpel, [Hpal, [Hpp), [Hb] {Fp}s
{Xc} (Heel, [Heals [Hepl, [Hel {Fe})

As derived in the previous work [15], the FRFs of the whole structure in Eq. (5) can be expressed
in terms of the FRFs of the substructures and the joint matrix [H;] in Eq. (4). For instance,

[Heel = [Heeli — [Heal i [Hp] ' [Hachi, (6a)
[Haa] = [Haa]l - [Haa]l[HB]il[Haa]la (6b)

[Hpal = [Huplo[Hp] ™' [Hudls,

(6¢)

with
[Hp] = [Hady + [Hpply + [H]]- (7
Eq. (6) contains three different matrices, i.e., the FRFs of the substructures, the FRFs of the
whole structure, and the joint matrix [H;]. Therefore, if the FRFs of the substructures and the
whole structure are known by experimental measurement, then the only unknowns in Eq. (6) are
the joint parameters in [H;]. Theoretically, the joint parameters can easily be obtained from

Eq. (6) from the pure mathematical point of view. For instance, one can derive the unknown
matrix [Hj]_1 = [P)] directly from Eq. (6b) as [14]

[P/] = [Haa]il[HD][Haa]il (8)
with
[Hp) = ((Haaly — [Had) ™ — [Haa)y ' ((Haal, + [Hep}o)[Haaly )"

One can find that there are many inverse operations on the matrices in Eq. (8). Consequently, a
little noise or measurement error in the FRFs will cause the identified results to be completely
faulty because of the ill-conditioned problem. In other words, Eq. (8) is correct only from pure
mathematical point of view, it cannot be applied to practical identification. To overcome the
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problem found in Eq. (8), a method with the main objective to minimize the number of inverse
operations has been proposed by Wang and Liou [15]. However, as mentioned, the previous
methods [15,16] do not work well under some conditions.

The basic idea of the new method proposed in this work is based on the understanding about
the limitations of the previous methods [15,16] according to our long-term experiences. From
Eq. (A.5) in Appendix A, the [P;] matrix can be solved directly as

[P} = —(Huai + [Hppk) ™ (Haai + [Hpa] = [Haa ) [Hpa = [Haa) ™" ©)

From Eq. (4) one knows that if all the FRF matrices in Eq. (9) are exact without any error, the
[P;] matrix solved from Eq. (9) should be a diagonal matrix. On the contrary, if the FRF matrices
in Eq. (9) are contaminated by noise, the [P;] matrix solved from Eq. (24) should not be a diagonal
matrix. The new method proposed in this work is also based on Eq. (A.5), however, does not force
the [P;] matrix to be a diagonal matrix. To distinguish from the theoretical [P;] defined in Eq. (4),
a new matrix [Pj-‘] is defined as

[p1, 0, 0 [011, O12, O1n
0, p 0 021, 022, Oan
P1=|: o : :
K ol Lowm b o]
= [Pjlusn + [Elisns (10)
where
pi=ki+jod, i=1,2,...,n

Now, the [P;] represents the matrix with the exact joint parameters and the [E] matrix represents
the error matrix. If the FRF matrices in Eq. (A.5) are contaminated by noise, then the [P;] matrix
should be replaced by [P]’-k]. Then, Eq. (A.5) can be expanded as

Ui, Ui, Ulp
uzy, U, Udp
L Unl, Un2, Upp |
_ _— o
Si1, 812, st | | 2T, O12 Otn | | 11, t12, tin
sk
821, 822, S 021, D5, O 1, 12, ton
—| : : : , (1)
sk
L Snls  Sn2, Snn _5n1, 5n2, Dy | _tnla 2, tnn_

where p¥ = p;i +
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or
Stilin o o Suim St 0 S2im Statin 0 Stalm | ]
Sttty o Siim Stz o S12ln2 Stalt2 =+ Sinln2
St11fn S11lnn S1281n S128nn Stnl1n S1inlnn
Spttir o Suilal Smaf1r 0 Sm2lal Spnl1l 0 Sunln
Sn1t12 e Spllp Sn2t12 o Sl Snnt12 o Suln2
L LSnifin Sn1lnn Sn2l1n Sn2lnn Snnl1n Snnlnn d p2en2
; (
(P} 58]
o12 U
\51n \ Uin J
021 ) (U1 )
)2 [Z5))
X ’ = ’ (12)
52}1) Uop
Onl Ui
. Un2
5n(n71) :
&
\ P n?x1 Unn J n2x1
or in a compact form
o _
[A(w)]nzxnz{Pr}nle = {B(w)}nle' (13)

Noting that the [4] matrix and {B} vector contain the information of FRFs, and are function of
frequency w. The {P¥} vector contains the joint parameters p; and the errors J; defined in
Eq. (10). If the joint parameters are frequency independent, then theoretically one only needs the
data of the FRFs at one frequency to obtain the joint parameters by

(Pt = [A@)]2} 2 {B(@)} o1 (14)
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However, due to the unavoidable measurement noise in the FRFs, like many existing methods,
the FRFs at many discrete frequencies should be used to minimize the noise effect by using
different algorithms. The new method proposed in this work uses the errors d; (i#j) as an
indicator to find the best frequencies for identification. The details are derived in what follows.

The [A] matrix and {B} vector in Eq. (13) contain the information of FRFs. If the FRFs are
exact (free from any error or noise), the [4] matrix is indicated as [4y] and {B} vector is indicated
as {By}. Theoretically, if the [4¢] and {By} are exact, one can obtain the exact joint parameters
from Eq. (13) because there is no approximation in deriving Eq. (13). Then Eq. (13) can be written
as

[Ao(@)],2 2 {Pro} 251 = {Bo()} (15)
with

{PrO} =

O )

Pn )
Noting that the p; in the {P,o} vector represents the exact joint parameter, as defined in Eq. (10).

Except the exact parameters p;, all the other elements 6;; in {P,o} are equal to zero. If the FRFs are
contaminated by noise, then Eq. (13) can be written as

([Ao] + [04D({Pro} + 10p}) = {Boj + {198} (16)

The [0 4] matrix and {dg} vector represent the noise components in [4] and {B}, respectively. The
vector {J,} represents the error vector of {P¥}. It can be proved [20] that if {P¥} is solved by
Eq. (14), then

[H9p 31 K{(Ao) <|I{53}II ||[5A]||> (17)

P31 1 — (K(Ao)IH{0.4}I/1[A0lID \II{Bo} Aol

where |||| denotes the 2-norm of matrix or vector and K(A4o) = ||[4o]ll I[4o]~"|l, defined as the
condition number of [4¢]. Eq. (17) shows the upper bound of the error of the parameters relative
to the exact values in terms of the relative errors of [4] and {B} and the condition number of [A4].
Because [4] and {B} are function of frequency w, the error vector {J,} is also function of w. From
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Eq. (17), one knows that if one wants to obtain an accurate result from Eq. (14), one should select
the frequencies at which the condition number of [4y] and the relative errors of [4] and {B} are
the smaller the better. Because one does not know the exact values of [4] and {B}, it is impossible
to know the frequencies at which the errors {dz} and [ 4] are small. However, from Eqgs. (12) and

(16) one has o 1
{8}l = (Z > 5,?,-) : (18)
J=1 =1

Because the upper bound of [|{J,}|| is constrained by the relation of Eq. (17), the individual value
of ¢; cannot be arbitrary. In other words, the J; must have some relationships among each other.
This is the basic finding of the proposed new method. As defined in Egs. (10) and (12), the J;
represents the identified error of parameter p; and J; (i#j) represents the other error. Now, two
error functions are defined as

" 1/2
R(EN=|>° (Re(é,-j)f] for i/,
=1
]n 1/2
I(E)= | (1,,1(5{/))2] for i/, (19)
j=1

where “R,” and “I,,” indicate the real part and imaginary part, respectively. Both the R.(E;) and
1,,(E;) are function of frequency. One knows that if the FRFs are exact, then R.(E)), 1,,(E;), R.(d;;)
and 1,,(0;;) from Eq. (14) all should be equal to zero. If the FRFs are contaminated by noise, then
R.(E)), I,(E), R.(0;) and I,,(5;;) must have some values; however, the R.(E;) plus |R.(J;)| has
upper bound, the same for [,,(E;) plus |[,,,(3;;)]. Therefore, there must be a relationship between
R.(E;) and |R.(J;)|, the same for I,,(E;) and |I,,(0;;)|. Because the error in the FRFs generally is
random noise, the R.(E;) and |R.(d;)| should only have a statistical relationship, not a
deterministic relationship. A typical example is given in Appendix B to show what the statistical
relationship means.

Because the errors |R.(d;;)| and |1,,,(d;;)| are statistically highly correlated with R.(E;) and I,,,(E;),
respectively, one can select the frequencies with which the error R.(E;) is relatively small to
identify the parameter k; and select other frequencies with which the error 7,,,(E;) is relatively small
to identify the parameter d;. To explain this concept clearly, a structure with two joint parameters
are used here as an example. Eq. (14) can now be written as

P11+ 011 i St1ti1, 81121, 812811, 812821 - Ui
012 ) o | | stz suita, St S12t2 Ui 20)
021 021 S21111, 821821, 822811, 822121 uy [

D2+ 0n )2 821812, 821822, 822812, 82222 Uz

Noting that p; and p, represent the exact joint parameters, as defined in Eq. (10). As mentioned, if
the necessary FRFs are known at some frequencies (for instance by measurement), for each
discrete frequency one can use Eq. (20) to obtain the joint parameters. However, due to the errors
in the FRFs are different at each frequency, and the condition number of the inverse matrix in
Eq. (20) is also different for each frequency, the identified parameters from each frequency are
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different. So, one can use the error R.(E;) and I,(E;) to select the “good” frequencies for
identification. In this example R.(E)) = |R(012)], Re(E2) = [Re(621)|, Lnu(E1) = |1,,(012)] and
L,,(E>) = |I,,(021)|, all are function of frequencies. In other words, the errors R.(E;) and I,,(E;)
are used as indicators to find the “good” data for identification. As to the question how many
frequencies should be used for identification is discussed in Appendix B.

In summary, the basic identification equation of the proposed method is Eq. (14) with the
selected FRFs data according to the errors R.(E;) and I,(E;). The average values of the
parameters identified from all the selected frequencies are defined as the identified values. From
Eq. (14), the average values are defined as

N
(Proave) o = 3 (Z (AT {B(co,-)})) . @)
=

Here w; indicates the selected frequencies, and N is the total number of frequencies used for
identification.

3. Simulation results and discussions

As mentioned, the main objective of the proposed new method is to improve the accuracy of the
previous methods [15,16] at some special conditions. Therefore, the following simulations are
focused on these problems.

3.1. Definition of noise level

One knows that the most important step to obtain an accurate identification result is to measure
the FRFs correctly by considering the different equipments and procedure used [21]. However, the
measurement noise is always unavoidable. In principle, the best way to simulate the noise
contaminated FRFs is to add noise to the measurement input and output in time domain, and
then use the discrete Fourier transform to calculate the FRFs. However, the characteristics of the
noise generally are specified in frequency domain, for instance, the concept of narrow band noise,
white noise, etc. So, most of the works which use the FRFs to identify the parameters add proper
noise distribution directly in frequency domain to the FRFs.

The definition of noise level is the same as that defined in Ref. [15]. However, the random noise
used in Ref. [15] was Gaussian distribution with zero mean, the noise used in this work was
Gaussian distribution with certain mean value. As well known, the Gaussian distribution is
determined by two parameters, i.e., the mean value m and the standard deviation ¢. If the Hj(w)
represents the FRF between the ith and jth degrees of freedom of the structure, then the noise
level vy is defined as [15]

7 = /|Hy(o)l; (22)

max?

where |Hjj(w)l,,, 15 the maximum absolute value of Hj(w) in the frequency range of interest.
Therefore, if a mean value 7 and noise level y are given, a set of random number with Gaussian
distribution can be generated by a computer program. Noting that the FRFs are complex; two
sets of random noise were added to the real and imaginary parts of the FRF, respectively. In the
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following simulations, different mean values and different noise levels will be used to show the
difference between the new method and the previous methods.

3.2. Simulated structure

The simulated structure consists of two parallel beams connected together through three linear
joints, as shown in Fig. 2. The whole system was approximated by 14 finite beam elements. It was
assumed that the beams possessed structural damping proportional to the mass and stiffness
matrices. It was assumed that the joints parameters, ky, k>, k3, d;,d>» and d; should be identified.
Therefore, the whole structure was divided into two substructures from these joints. In order to
simulate the FRFs obtained from experimental measurement, the maximum frequency of interest
and the frequency resolution of the FRF spectrum were set to be 2000 and 5 Hz, respectively. In
other words, there are 400 discrete frequencies in each FRF spectrum.

3.3. Simulation results and discussions

In the following simulations, three different noise distributions and two sets of joint parameters
will be used, as shown in Tables 1 and 2. One can find that the stiffness parameters in the first set
are same order of magnitude while the stiffness parameters in the second set are different in order
of magnitude. As mentioned, there are 400 discrete frequencies in each FRF spectrum, then m in
Eq. (A.11) is then equal to 400. The number N in Eq. (A.12) is then equal to 200. As to the
proposed new method, forty frequencies (i.e., Ny =40 in Eq. (21)) are selected from the 400
frequencies by using the R.(E;) and I,,(E;) as indicators, see the details in Appendix B.

Case 1: In this example, the noise distribution is D1 and the joint parameters are set 1 (S1). The
results identified from Eq. (A.11), Egs. (A.12) and (21) are shown in Table 3. Although the error
from method [15] is somewhat larger, especially the error of damping, the identified results from
all the three methods are accurate enough for engineering application. The results also
demonstrate again that if the noise distribution is Gaussian with zero mean and the order of
magnitude of the parameters is the same, then the previous methods [15,16] are accurate enough
for practical application. The results of Table 3 will be used as a base for comparison with other
cases in what follows.

Case 2. In this case, the noise distribution is D2 and the joint parameters are set 1 (S1). The
difference between this case and case 1 is the noise distribution with mean value in this case. The
mean value of a random noise is to simulate a constant measurement error (or called DC bias) for
all the frequencies. For instance, if the measurement system is not correctly calibrated, then the
measured FRFs may be contaminated by certain constant error for all the frequencies.

Sub.1 1 2 3
ky ka ks
d; d, ds
Sub.2
4 5 6

Fig. 2. Simulated structure.
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Table 1
Three different noise distributions

Noise parameters

Distributions Noise level v (%) Mean value m (%)
D1 (Gaussian) 5 0

D2 (Gaussian with DC Bias) 5 0.1 of [Hjj(w)lax
D3 (Non-Gaussian) 5

Multiplied by a
frequency-dependent function

Table 2

Two sets of joint parameters of the simulated structure

Parameters Set 1 Set 2

ki (N/m) 1,000,000 10,000,000

ky (N/m) 2,000,000 200,000

k3 (N/m) 1,500,000 50,000,000

d; (N's/m) 100 1000

d» (N s/m) 200 200

dy (N s/m) 150 1500

Table 3

Identified results of case 1

Parameters Exact value Identified value Identified value Identified value
by Eq. (A.11) by Eq. (A.12) by Eq. (21)
(error%) (error%) (error%)

ki (N/m) 1,000,000 1038024 1021356 986740
(3.8%) (2.13%) (1.32%)

ky (N/m) 2,000,000 2120314 2010573 2005681
(6.01%) (0.52%) (0.28%)

ks (N/m) 1,500,000 1561209 1541829 1486695
(4.08%) (2.78%) (0.88%)

dy (N s/m) 100 92 103 103
(8.00%) (3.00%) (3.00%)

d, (N s/m) 200 172 195 206
(14.00%) (2.50%) (3.00%)

d; (N s/m) 150 137 146 153
(8.67%) (2.67%) (2.00%)

To show the effect of noise on the FRFs, a typical FRF is shown in Figs. 3 and 4. Fig. 3 is the
exact FRF of point 3 (see Fig. 2) of the whole structure, while Fig. 4 is the FRF contaminated by
the noise. Because the constant error is only about 0.1% of the maximum value of the FRF, it is
difficult to find out in the figure. However, the 5% random noise can easily be seen in Fig. 4. The
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-35
4k

45}

Receptance (Log)
>

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)

Fig. 3. A typical FRF without error.

Receptance (Log)

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)

Fig. 4. The FRF in Fig. 3 contaminated by noise.

results identified by the three methods are listed in Table 4. The result identified by Eq. (A.11) [15]
has significant error in comparison with other two methods. This is due to the fact that the least-
squares method cannot effectively smooth the random noise with certain mean value. Although
the method [16] (i.e., Eq. (A.12)) also cannot effectively smooth the random noise with certain DC
bias, the method takes the condition number of the inverse matrix into consideration, and as a
result, the error cause by ill-condition of the matrix can be reduced. That is why the result
identified by Eq. (A.12) is better than that by Eq. (A.11). The results of Table 4 also demonstrate
that the proposed new method can extract the joint parameters with best quality from the FRFs
contaminated by random noise and DC bias.
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Table 4

Identified results of case 2

Parameters Exact value Identified value Identified value Identified value
by Eq. (A.11) by Eq. (A.12) by Eq. (21)
(error%) (error%) (error%)

ki (N/m) 1,000,000 1114174 1051533 975662
(11.41%) (5.15%) (2.43%)

ky (N/m) 2,000,000 1740436 2127693 1901837
(12.97%) (6.38%) (4.90%)

ks (N/m) 1,500,000 1639910 1408662 1557789
(9.32%) (6.08%) (3.85%)

dy (N s/m) 100 78 104 97
(22.00%) (4.00%) (3.00%)

dy (N s/m) 200 228 216 185
(14.00%) (8.00%) (7.50%)

dy (N s/m) 150 119 140 155
(20.67%) (6.67%) (3.33%)

Case 3: In this case, the noise distribution is D3 and the joint parameters are set 1 (S1). The
noise distribution is no more a Gaussian distribution. The noise distribution was generated by the
following two steps:

(1) Giving the noise level 5% and using Eq. (22) to find the standard deviation ¢. With the
standard deviation ¢, and mean value m =0, a set of random noise with Gaussian
distribution was generated.

(2) The noise with Gaussian distribution was then multiplied by a frequency-dependent function.

Fig. 5 shows an example of the noise generated by the above procedure. The noise level is not
uniformly distributed along the frequency axis, i.e., the noise level is larger at high frequency than
at low frequency. It is easy to generate different types of random noise with non-Gaussian
distribution. The noise distribution used in this case is just an arbitrary type. The identified results
are listed in Table 5. One can find that the results identified by the previous methods [15,16] are
unacceptable. Although the method [16] has taken the condition number of the [Q] matrix into
consideration, the order of error is the same as another method [15]. The reason for it can be
explained as follows. As shown in Eq. (17), the upper bound of the error identified by Eq. (A.12)
depends on the condition number of [Q] and the relative measurement errors (noise) in [Q] and
{U}. Because the method [16] only uses the condition number of [Q] to select frequencies for
identification, it can happen that the measurement noise in [Q] and {U} is very large at the
selected frequencies. From the result of Eq. (17) one knows that both the condition number and
the noise in the FRFs should be considered in order to obtain an accurate result. However, so far
no method can know the noise level at each frequency of the FRFs. Consequently, it is impossible
to select the frequencies with less measurement noise for identification. The new method proposed
in this work uses the R.(E;) and I,,(E;) as indicators to select the frequencies (40 frequencies from
400 frequencies) at which the right hand side of Eq.(17) has smallest value among all the
frequencies. That is why the result identified by the proposed new method is very accurate.
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Fig. 5. The noise with non-Gaussian distribution.

Table 5

Identified results of case 3

Parameters Exact value Identified value Identified value Identified value
by Eq. (A.11) by Eq. (A.12) by Eq. (21)
(error%) (error%) (error%)

ki1 (N/m) 1,000,000 1399894 1442905 1009216
(39.98%) (44.29%) (0.92%)

ky (N/m) 2,000,000 3008194 2874634 2062468
(50.40%) (43.73%) (3.12%)

ks (N/m) 1,500,000 2110821 2292620 1533882
(40.72%) (52.84%) (2.25%)

d; (N s/m) 100 172 202 104
(72.00%) (102.00%) (4.00%)

d» (N s/m) 200 436 380 215
(118.00%) (90.00%) (7.50%)

dy (N s/m) 150 245 279 152
(63.33%) (86.00%) (1.33%)

The results of Tables 3—5 demonstrate that the proposed new method is superior to the previous
methods. Of cause, the identified results of the new method will also become worse with higher
noise level.

Case 4: The noise distribution is the same as case 2 (i.e., D2); however, the joint parameters are
set 2 (S2). This example is used to show the difficulty when the orders of magnitude of the
parameters are different significantly. The identified results are shown in Table 6. One finds that
the results identified by the previous methods are unacceptable. In comparison with the results of
Table 4, there are two factors which make the results of Tables 4 and 6 so different. The first
factor is that the stiffness of k; and k3 in this case becomes stiffer so that the relative defection at
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Table 6

Identified results of case 4

Parameters Exact value Identified value Identified value Identified value
by Eq. (A.11) by Eq. (A.12) by Eq. (21)
(error%) (error%) (error%)

ki (N/m) 10,000,000 2299513 11497137 9554416
(77.0%) (14.97%) (4.45%)

ky (N/m) 200,000 8629417 5662639 188126
(4214.70%) (2731.31%) (5.93%)

ks (N/m) 50,000,000 38416040 25028426 51892310
(23.16%) (49.94%) (3.78%)

dy (N s/m) 1000 200 1764 1043
(80.00%) (76.40%) (4.30%)

dy (N s/m) 200 3726 671 217
(1764.50%) (235.50%) (8.50%)

dy (N s/m) 1500 6392 2145 1453
(326.13%) (43.00%) (3.13%)

the joint interfaces becomes smaller in the frequency range of simulation 0-2 kHz. Physically, if
the joint stiffness becomes stiffer, the variation of the joint parameters has less effect on the
variation of the FRFs, or, the sensitivity of the joint parameters to the FRFs becomes smaller in
the frequency range 0-2 kHz. Consequently, the parameters are more difficult to identify from the
FRF data. The second factor is that Eq. (A.11) (the same for Eq. (A.12)) uses the same data to
identify all the parameters k; and d;. Theoretically, one should use different data (the most
sensitive data) to identify different parameters, especially when the orders of magnitude of the
parameters are different. The only question is how one can find different sets of data for the
identification of different parameters. The new method proposed in this work uses R.(E;) to select
the best data to identify k;, and uses I,,(E;) to select the best data to identify d;. There are six
parameters, i.e., ki, k>, k3, d, d, and d3, to be identified, six different sets of data are used in the
new method. This is the reason why the new method is superior to other two methods.

Case 5: In this case, the noise distribution is non-Gaussian distribution (D3) and the joint
parameters are set 2. This example is to simulate the worst conditions which may be encountered
in practical application. The identified results are listed in Table 7. One can see that the results
identified by Egs. (A.11) and (A.12) are very poor, especially the smallest parameters, i.e., k» and
d>. These results are expected because the conditions used in this case are designed to expose the
two main situations which may make the previous methods to collapse. The results of Table 7 also
demonstrate that the proposed new method can overcome the limitations of previous methods,
and result in an accurate result under serious conditions. It should be emphasized that one can
generate many different types of noise with non-Gaussian distribution. As far as we have tested,
the proposed new method always can identify a better result than that by other two methods.

The experimental procedure of the new method is exact the same as that of the previous
methods, i.e., one only needs to measure the necessary FRFs of the two substructures and the
whole structure. The feasibility of the experimental procedure has been verified not only in the
previous works [15,16], the same experimental procedure has also been used successfully to
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Table 7

Identified results of case 5

Parameters Exact value Identified value Identified value Identified value
by Eq. (A.11) by Eq. (A.12) by Eq. (21)
(error%) (error%) (error%)

ki (N/m) 10,000,000 18224369 8075138 10473291
(82.24%) (19.24%) (4.73%)

ky (N/m) 200,000 12290163 308887 184337
(6045.08%) (54.44%) (7.83%)

ks (N/m) 50,000,000 96758735 67349871 48753197
(93.51%) (34.69%) (2.49%)

dy (N s/m) 1000 6150 1303 953
(515.00%) (30.30%) (4.70%)

dy (N s/m) 200 2459 362 217
(1129.50%) (81.00%) (8.50%)

dy (N s/m) 1500 7828 2135 1428
(421.86%) (42.33%) (4.80%)

identify different joint parameters [20,21]. Although only simulation results are discussed in this
work, it is believed that the conclusion from the experimental results must be same as that from
the simulation results.

4. Conclusions

The properties of mechanical joints are very difficult to know by theoretical methods, and
generally should be identified by experiments. A new method is proposed in this work to identify
the joint parameters directly from the FRFs of the substructures and the whole structure. The
problem of the measurement noise with non-Gaussian distribution in the FRFs, and the problem
of joints with very different orders of magnitude are especially discussed in this work. The new
method uses an error function to select different sets of best data to identify different joints so that
the new method can function well under different conditions. The simulation results demonstrate
that the proposed new method can always identify the joint parameters with reasonable accuracy
even when the results identified by other two existing methods are completely faulty under some
strict conditions. The main limitation of the new method is that the joint parameters should be
linear. Further efforts could be aimed at applying the method to identify the parameters of joint
with a more general model, such as Ref. [22].
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Appendix A

To show clearly the difference between the method proposed in this work and the previous
works [15,16], the mathematical formulations of the previous works are given briefly here.

The first step to minimize the inverse operations is to make difference between Egs. (6b) and
(6c), i.e.,

[Hba] - [Haa] = [be]2[HB]7l[Haa]l - [Haa]l + [Haa]l[HB]il[Haa]l

= — [H[H5] ' [Hudl, (A.1)
or
~[H3] '[Haaly = (H]] ' ((Hpal — [HaaD) = [P} Hpal — Haal) (A2)
Multiplying Eq. (A.2) by ([Hual; + [Hps),) results in
—([Haaly + [Hpp])[HB) ' [Haa)y = (Haal; + [Hpp])[P)([Hpa) — [Haa))- (A.3)
From Eq. (7), since [Hu), + [Hw), = [Hp] — [H}], Eq. (A.3) can be written as
~[Healy + [HNH ' [Haal = (Haaly + [Hp )P Hpa] — [Haa))- (A4)
Substituting Eq. (A.1) into the left hand side of Eq. (A.4) gives
—([Hadly + [Hba] — [Haal) = (Haaly + [Hps])IP ([ Hpa] — [Haa))- (A.5)
The second step to minimize the matrix inverse operation is to expand Eq. (A.5) as
[ui, wi, ey | [ sutipin DoSutoPis DL StitinDi |
Uy, U, vt Uy dosautipis D Sutnpi D SyitDi
: = fori=1,2,...,n,
| Unls U2, ot Upp LD SuititPis 2 SuitiDis D SnitinDi ]

(A.6)

where p; = k; + jod;, and n is the number of the joints in Fig. 1. Noting that [P;] is a diagonal
matrix, as shown in Eq. (4). From Eq. (A.6), the diagonal terms were suggested in Ref. [15] to
extract the parameters p;, i.e.,

_ - PN
Ui Sitfin,  S12lr, 0t Sielal P1
%3 Sa1t12,  S$22022, vt e Soplp2 P2
: =< U . . (A.7)
nxl1
Upp _Snlllna Sn2lon, - Snntnn_ nxn Pn nx1
or in a compact form as
{U}nxl = [Q]nxn{P}nxl (A8)

One can find in Eq. (A.8) that the joint parameters {P} can be found only with one inverse
operation on the [Q] matrix. The difference between Eqgs. (8) and (A.8) is very significant. Noting
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that the vector {U} and the matrix [Q] are function of frequency and contain the information of
the FRFs of the whole structure and the substructures. If the joint parameters are constant
(frequency independent), then theoretically the FRFs only at one frequency should be used to
extract the joint parameters. However, in order to smooth the random noise, the FRFs at many
frequencies should be used in practice. For instance, if the FRFs are known at some discrete

frequencies, wy, wy, ..., w,,, then for each frequency one has a set of n simultaneous equation like
Eq. (A.8), the total equation can be written as
{U(01)nx1 [Q(@D)]xn
WD | _ 100 | ] A9)
U@ ) e L1Q@L] L T

or in a compact form
{U}mnxl = [Q]mnxn{P}nXl' (AIO)

The least-squares method can then be used to obtain the joint parameter as
(P} = (01" [OD IO { T} s (A1)

where [Q]" represents the conjugate transposed matrix of [0].

Eq. (A.11) is the identification equation proposed in Ref. [15], and will be used to compare with
the new method proposed in this work. If the FRFs are measured with an FFT analyzer, then
generally there are 400 or 800 discrete frequencies in each FRF spectrum. The method [15] used all
the data of the FRFs at 400 or 800 discrete frequencies to identify the parameter without any
selection. On the contrary, the method proposed in Ref. [16] used the condition number of the [Q]
matrix in Eq. (A.8) to select the “well-conditioned” data for identification. If the FRFs are
measured at some discrete frequencies, w;, ws, ..., ®,,, then one can find the condition number of
[Q] matrix for each frequency. If the average value of the condition number found at the m
frequencies is denoted by C,,, then the [Q] matrix with condition number lower than C,, is defined
as ““‘well-conditioned” data [16], and used to identify the joint parameters from Eq. (A.8) by direct
matrix inverse in each frequency. In other words, if m is the number of the discrete frequencies, the
number of frequencies used for identification is m/2. The average values of the identified
parameters from the m/2 frequencies are defined as the final identified values. In order to compare
the method [16] with the new method proposed in this work, the equation used in Ref. [16] is given
here as

N
Parcht = %(Z ([Q(wj)llw(wj)})), (A12)
=1

where w; indicates the frequencies selected by the method [16], and N is the total number of
frequencies used for identification.
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Appendix B

In this appendix, the structure and noise distribution of case 2 in the main text is used as an
example to show the statistical relationship between R.(E;) (or I,,(E;)) and |R.(d;)| (or |1,,(0;)]).
The selection criteria of the number of frequencies used for identification are also discussed in this
appendix.

As mentioned, there are 400 discrete frequencies in each FRF spectrum. For simplicity, we
discuss only the relationship between R.(E;) and |R.(d;)|. For each frequency wy, one can obtain a
set of data (R.(Ei(wy)), |R.(0:i(wi))]) from the result of Eq.(14). Noting that in practical
experiment one can only know the R.(E;(wy)) and cannot know the R.(d;;(wy)). However, in the
simulation one can know the R.(d;(w;)) because one knows the exact values of the joint
parameters. If a x—y rectangular co-ordinate is used, and the horizontal x-axis represents the value
of R.(E;) and the vertical y-axis represents the value of R.(0;), then each data set
(RAEi(wp)), |R(0;:(wp))]) 1s a data point in the x—y plane. Therefore, from 400 frequencies there
are 400 points in the x—y plane, as shown in Fig. 6 for i = 1. Noting that in this simulation case,
i=1,2,3. For i =2, and 3, one can find the same characteristics like Fig. 6. To show the
statistical relationship between R.(E;) and |R.(d;)|, R.(E;) and |R.(d;)| are considered as two
random variables, indicated as a, and b. The correlation coefficient of two random variables is
defined as [23]

_ El(@— ma)(b — m)

ab G40}

where o, and g, represent the standard deviations of a and b, respectively; m, and my represent the
mean values of @ and b, respectively; E[(a — m,)(b — m;)] represents the expect value (mean value)
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Fig. 6. The statistical relationship between R.(E|(wy)) and |R.(d11(wp)), kK = 1,2, ..., 400.
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of [(a — m,)(b — my)]. One knows that 0<|p,,|<1. The correlation coefficient of the two random
variables in Fig. 6 is 0.9868. In other words, R.(E;(wy)) and |R.(011(wy))| are statistically highly
correlated. That means if one chooses a frequency with which the R.(E;) is very small (among
other frequencies), then the possibility of |R.(d;1)| with very small value is very high. The |R.(d;;)|
represents the error (absolute value) of the identified k;. Therefore, one can choose some
frequencies with which the R.(E)) has relative small value (among the 400 frequencies) to identify
ki, and the average value from these frequencies is defined as the identified value of k|, as defined
in Eq. (21).

The relationship between the I,,(E)) and |1,,(011)| is the same as that discussed above. Therefore,
one can use the 7,,(E;) as an indicator to select the frequencies to identify d;. That is why the
proposed new method uses the R.(E;) as an indicator to select frequencies to identify k;, and uses
I,,(E;) as an indicator to select frequencies to identify d;. It should be emphasized that the new
method uses data at different frequencies to identify different parameters. This is the very
important feature of the new method. That is why the proposed new method can adapt itself to
handle different conditions. As to the question how many frequencies of FRFs should be used to
identify each parameter, 10% of the measured frequencies and at least 40 frequencies are
recommended in this work. That means the number of discrete frequencies at each FRF spectrum
should not be less than 400 in order to select the best 10% (40 frequencies) data for identification.
Of course, this recommendation is not very strict, some more or less data are acceptable. The basic
rules are :(1) the number of the measured frequencies of the FRFs should be large enough in order
to have enough data base to select the best data for identification, (2) the number of the selected
frequencies should be kept to a minimum value (i.e., only the best data are selected), but should be
large enough to show the statistical linear relationship between R.(E;) and |R.(d;;)|. Based on these

x107°

[Re(8 1 ()

o * 1 Il Il
[ 2 4 6 8 10 12

x107°

Re(E; (o))
Fig. 7. The statistical relationship between the forty smallest values of R.(E;(wy)) and the corresponding |R.(11(wy))|-
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basic rules, different types of structure and noise distribution have been investigated, and the final
recommended values are: the number of the measured frequencies should be larger than 400, and
the number of the selected frequencies should be about 10% of total measured frequencies. If the
FRFs are measured with standard spectrum analyzer, generally there are 400 or 800 discrete
frequencies in each spectrum. Then, 40 or 80 frequencies should be used for the identification of
each joint parameter. Fig. 7 shows the relationship between the smallest 40 data of R.(E;) and the
corresponding |R.(d11)| of Fig. 6. The correlation coefficient between the R.(E;) and |R.(d11)] is
0.966. It indicates that 40 frequencies is enough to guaranty a statistical linear relationship
between R.(E;) and |R.(d11).
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