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Abstract: In FE modeling of port crane structures, errors
may be caused due to the simplification of complicated
components, unclear physical properties, local approxi-
mation and inaccurate boundary conditions. So it is very
important to update the FE model accuracy according to
the experiment model and results. However there are two
major problems when solving the model updating of port
crane structure, the one is the difficulty of collecting the
structure modal parameters with traditional modal exper-
iment method because of the large scale of port crane
structure, the other is mismatching problem while updat-
ing processing due to most of the model updating method
currently constructing the objective function only by fre-
quency. In this paper, an operational modal analysis is
adopted to estimate the modal parameters of port crane
structure based on the operational condition. A paramet-
ric model updating methodology of finite element (FE)
model is proposed to solve port crane structure model
updating: a series of design parameters of the FE model
of port crane structure are selected as the main factors
based on the sensitivity analysis, the objective function
is built by considering the frequency correlation and the
modal assurance criterion (MAC) together, and finally a
zero-order/first-order combination algorithm is utilized to
get the final accurate FE model of port crane structure. Re-
search results showed that methodology proposed in this
paper has satisfied updating accuracy for port crane struc-
ture, which verifies that the proposed method is suitable
for model updating problem of this kind of structure.
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sis, port crane structure, operational modal analysis.
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1 Introduction

In recent years, the automated container terminal (ACT)
has had rapid development, and also a lot of research work
for example intelligent decision and machine vision, have
been carried out to further help this development [1-5].
Port cranes are the main equipments at ACT for loading
and unloading, and their dynamic properties will have di-
rect influences on efficiency and safety of operation. With
the rapid development of ACT, the port cranes are becom-
ing large-scale, high speed, heavy loaded and automatic,
which poses higher requirements for port crane structures.
Further researches in the model updating problems of port
crane structures based on the operational modal analy-
sis make it possible to establish accurate dynamic models
with finite element method of the port crane structures un-
der all kinds of working conditions, which can reflect the
structure dynamic properties accurately and offer the ori-
entation of structure optimization and reference for posi-
tive and negative control of port crane structures.

An accurate dynamic model of large port crane struc-
ture can accurately reflect the dynamic characteristics of
structure, help the structure design for disaster preven-
tion and reduction, indicate the direction for structure
optimization and provide the basic information for on-
line structure monitoring and damage identification. Tra-
ditionally, the dynamic model of structure is obtained by
an experimental modeling method or theoretical model-
ing methods (mainly refers to the FEM), in practice, up-
dated structural dynamic model is usually obtained by the
FE model updating according to the experiment model.

Structural dynamic analysis of the experimental
model is often referred to get structure modal parame-
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ters by the modal analysis method. This modal analysis
method is based on experiment and can be divided into
traditional experimental modal analysis method and op-
erational modal analysis method. For large engineering
structure such as a port crane, it is really difficult to ex-
cite the structure effectively. So usually it can’t getthe fre-
quency response functions (FRFs) of the structure, which
means it is impossible to estimate the system modal pa-
rameters by the traditional experimental modal analysis.
As a matter of fact for port crane structure, it’s normally
easier to get the structure outputs rather than the inputs,
in that case, the operational modal analysis is a valid and
necessary method to estimate the structure modal param-
eters by the output data only. Compared with the tradi-
tional experimental modal analysis method, the opera-
tional modal analysis has obvious advantages: the struc-
ture is excited only by the ambient excitation or the ma-
chine itself, the test cost is low; Since no artificial equip-
ment is used for the excitation, there will be no local dam-
age to the structure and the structure is safe; As the output
of system response is closer to the vibration response when
the structure is operating, therefore, the identified modal
parameters are more in line with the reality and boundary
conditions.

Model updating has been widely used in aerospace,
civil engineering, mechanical engineering and other
fields [6—11]. Distinguishing from the updating object, the
FE model updating methods can be divided into matrix
model updating method [12, 13] and parametric model up-
dating method [14]. Because of matrix model updating
method often leads to the mass matrix and stiffness matrix
of the structure losing physical sense, it has been gradu-
ally replaced by the parametric model updating method.
The basic idea of parametric model updating method is
combined with optimization problems. By constructing
the error (objective function) of the modal parameters be-
tween theoretical model and experiment model under the
same conditions, specific updated parameters are then se-
lected to update and minimize errors to achieve the pur-
pose of correction. The objects of the parametric model up-
dating method are the design parameters of the FE model
directly which makes the adjusted results have definite
physical meaning, and meanwhile it can be used to lo-
cate the model error, so this method is the mainstream of
today’s FE model updating method [15, 16]. but there are
still some problems that will be encountered when adopt-
ing the parametric model updating method into the engi-
neering applications, the major one is mode shape may
be miss-paired during updating processing, because the
objective function is usually constructed only by the fre-
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quency instead of considering frequency and mode shape
together.

In this paper, the modal parameters of port cranes are
estimated by operational modal analysis, a multi-objective
optimization model is constructed considered with fre-
quency and MAC values together, the main factors of
the physical parameters are determined by the sensitivity
analysis, and the optimization model is minimized by the
zero-order/first-order combination algorithm.

2 Operational modal analysis of
port crane structure

Operational modal analysis assumes that the input sig-
nals are white noise sequences, on this assumption, the
system is an input-output one, which means the inputs
are white noise sequences, and the outputs are the system
responses. In fact, the natural excitation is always color
noise, but we can still have the satisfied identification re-
sults as long as the inputs are stationary stochastic pro-
cesses, and which frequency bands can cover the struc-
ture’s bands which we interested.

By now, there are several famous methods for identi-
fying the operational modal parameters of the large scale
structure based on the natural excitation (e. g. natural ex-
citation technique (NEXT), stochastic subspace identifica-
tion (SSI), PolyMax etc.) [17, 18]. Because the advantages
of PolyMax are that: it is poly-reference, fast, numerically
stable for large-bandwidth with high-mode order analy-
sis, and yields very clear stabilization diagrams even with
highly noisy FRFs measurements [19], it is widely adopted
toidentify the modal data with the operational conditions.

PolyMax is a dedicated frequency-domain algorithm
for dealing the huge amount of output-only data. When
system input is the white noise, port crane structural re-
sponses spectral function has the similar expression as
the frequency response function, and then the structure
modal parameters can be identified by estimating the re-
sponses spectral model.

During port crane structure operational modal analy-
sis, the power spectra of the outputs can be expressed as

[Sxx(®@)] = [H)] [Spr@)] [H(w)]" (1)

Where [H (w)] is the frequency response function,
[S FF(zD)} is the cross power spectra of the input forces.
Similarly with the frequency response function of
the traditional input-output system, in operational modal
analysis, the cross power matrix of the output signals can
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also be modeled by the form of Right-Matrix Fraction De-
scription model,

5i(w) = Fi(w)G H(w) Q

Where F;(w) is the numerator polynomial, and G(w) is the
common denominator polynomial, which are respectively
defined as

p p
Fi(w) = E Q(w)Bi » Glw) = kZ Qe (3)
-0

k=0

Where p is the order of the polynomials, Q;(w) = e ¢ Tsk

is the polynomial basis function, §;; and a; sare the real-
valued coefficients to be estimated. The real-valued coeffi-
cients f;; and a; can be estimated by maximum likelihood
estimator.

3 Correlation for port crane
structure model updating

Correlation can be considered as the critical step to as-
sess the quality of the analytical model of port crane struc-
ture. Before updating an analytical model, it is a common
practice to compare the experimental and analytical data
sets to obtain some insight as to whether both sets are in
reasonable agreement so that updating is at all possible.
According to the characteristics of port crane structures,
in this paper, two correlation techniques are proposed to
evaluate the agreement between the analytical modal data
and experimental modal data.

3.1 Frequency correlation

The frequency accuracy of the experimental modal model
could be controlled within 0. 1%, so frequency correlation
is the most common and simplest method to compare the
experimental modal model and the analytical ones. If the
plot of the experimental values against analytical ones lies
off a straight line of slope 1, the two modal models are per-
fectly correlated. A percentage difference of experimental
and analytical models can be defined as shown in Eq. (4).

Wei — Wgi

Cp = x 100% ()

el
Where w,; and w,; are respectively the experimental ana-
lytical frequencies of i — th mode.
In engineering practice, it is usually required|Cg| <
5%. The accuracy of the analytical modal model could be
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judged only by the frequency correlation for the sparse fre-
quency structure, but it‘s not enough for the large scale
structure modal model, especially dense frequency ones.
In that case, the modal assurance criterion (MAC) should
be used also.

3.2 Modal assurance criterion

Modes pairing and modes matching are the most critical
tasks when the model updating is based on modal test-
ing data especially for port crane structures, so this paper
utilized the modal assurance criterion (MAC) to pair and
compare analytical and experimental mode shapes. MAC
is easy to apply and does not require mass and stiffness
matrices, and also it does not need to scale the experimen-
tal mode shapes, which is especially important for port
crane structure model updating, because the operational
experimental mode shapes cannot be absolutely scaled.
MAC is defined by:

((/-)aiT(pei)2

MAC; = . .
((paiT(pai) (QoeiT(pei>

®)

where @.;, @, are respectively the paired experimental
and analytical eigenmode.

The value of MAC is bound between O and 1, a value
of 1 means a perfect correlation, and a value of O means
that the two modes do not show any correlation. In prac-
tice, the criterion is that high MAC values (>0. 7) are for a
good correlation and value less than 0. 05 for uncorrelated
modes.

4 Selection of the main factor
based on sensitivity analysis

The original port crane structure FE model is parametric
modeled by the physical parameters such as material or
geometrical or boundary properties etc. Usually there are
a lot of physical parameters in a port crane structure FE
model, during the model updating, the selected physical
parameters to be modified should not only represent the
uncertainty of the original model, but also be sensitive to
the structure outputs, which are called the main factors.
The main factors could be determined by the sensitivity
analysis of the physical parameters [20—23].

Let the port crane structure be modelled by an un-
damped system, and the natural frequency sensitivity with
respect to each parameter considered can be approxi-
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mated from the following equation,

dwi 1 p (0K poMY
dam  2w; ¥ <aam “i aam>"’1 (©)

where, w; and ¢; are thei-th mode of the natural frequency
and mode shape respectively, and an, is the m-th parame-
ter which should be updated.

5 Model updating of port crane
structure

5.1 Optimization objective

The problem of the parametric model updating is com-
bined with the optimization problem together, the modal
updating process is really the process of findinga set of
main factors, that can be defined as optimal. Port crane
structure model updating problem is the dynamic FE
model multi-frequency optimization problem, which aims
at minimizing the modal data which are calculated by an-
alytical model and identified by experimental model ac-
cording to the frequency correlation and MAC. The objec-
tive function can be defined as,

0(a) = Zk: Wiw(%;i(a))z + Xk: wimac(l - MAC)  (7)
i=1 i=1
where w;,, and wjy4c are the weights of the i-th mode of
frequency and MAC respectively. For port crane modal data
identified by the operational analysis, the lower the mode
is, the more confidence the result is, so in this paper, it is
set that Wiy = Wipmac = 1/(03,'.

5.2 Optimization algorithm

Eq. (7) is a constrained minimization problem, port
crane structure multi-objective optimization model can
be solved by zero-order optimization algorithm and first-
order optimization algorithm, All the two algorithms both
need to use the penalty functions. The zero-order algo-
rithm which achieves the global optimal solution requires
only the values of the dependent variables and not their
derivatives, which makes the zero-order algorithm cost
less computation time but less accuracy. The first-order al-
gorithm which achieves the local optimal solution calcu-
lates and makes use of derivative information, which is
more computationally demanding and more accurate. In
this paper, the zero-order and first-order combination al-
gorithm is proposed to get the final accurate FE model of
port crane structures.
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For the zero-order algorithm, the dependent variables
are first replaced with approximations by means of least
squares fitting and the constrained minimization problem
is converted to an unconstrained problem using penalty
functions which are showed in Eq. (8). Minimization is
then performed in every iteration on the approximated pe-
nalized function until convergence is achieved or termina-
tion is indicated.

min F(a, P) = O + OgP i Alam) + iD(di) (8)
m=1 i=1

where F(a, P) represents the unconstrained objective
function that varies with the design parameters and the re-
sponse surface parameter P, A and D are respectively the
penalty functions used to enforce design parameter con-
strains and state variable constrains. The reference objec-
tive function value Oy is introduced to achieve consistence
unit. For the unconstrained problem Eq. (8) can be solved
by the sequential unconstrained minimization technique.

For the first-order algorithm, the constrained problem
statement can be transformed into an unconstrained one
using penalty functions as,

p n
X(a,u) = O% +3" Pa(am) +u [Z Pd(di)} ©

m=1 i=1
where X(a, u) is the dimensionless unconstrained objec-
tive function, P4, P, are the penalties applied to the con-
strained design and state variables and O refers to the ref-
erence objective function value, which is selected from the
current group of design sets; u is a response surface pa-

rameter.

In the first-order optimization, derivatives are formed
for the objective function and state variable penalty func-
tions, and various steepest descent and conjugate direc-
tion searches are performed during each iteration until
convergence is reached. Each iteration is composed of sub
iterations that include search direction and gradient com-
putations.

The optimization stratagem in this paper is, finding a
set of global optimal solutions less accurate by zero-order
algorithm first, and then using the less accurate solutions
as the initial value and carrying out the accurately calcula-
tion by the first-order algorithm to find the accurate global
solution finally.

5.3 Convergence

Convergence is assumed when comparing the current iter-
ations design set (k+1) to the previous (k) set and the op-
timal (o) set as show in Eq. (10), in which ¢ is the objec-
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tive function tolerance. Various steepest descent and con-
jugated direction searches are performed during each iter-
ation, until the convergence is reached.

0(a* V) - 0(aW)| < e

10
0(a*+D)y - O(a(o))H <e (10)

6 Case study

A case study is carried out on a scaled port crane (see Fig-
ure 1). The basic functions of the scaled port crane (see Fig-
ure 1) include: hoisting, opening and closing of the grab,
traveling and traversing of the crane etc. The metal struc-
ture of the prototype includes fore and back beam, sea-
side and land side frames, double forestay/backstay bars,
T frame, landside platform etc.

Figure 1: Photograph of the scaled port crane

The operational modal parameters of the scaled port
crane are identified by the PolyMax method under the
crane travelling excitation with 2 different trolley positions
(positon1: parking, position2: forefront).

The equipments used for the operational vibration
measurements include a 48-channel LMS data acquisition
system with signal amplifier and conditioner, signal ca-
bles and B&K accelerometers (4507&4524). In order to ac-
quire 3 directions vibration of the structure, 84 accelerom-
eters (measurement points) were placed at 34 locations
on the structure. 2 test setups were conceived to cover all
the planned testing location. 3 measurement points were
selected as references which were fixed during each test
setup (Figure 4). The sampling frequency on site was 50Hz.
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The parameters of first 6 modes of the scaled port crane are
identified by the output-only data.

Figure 2: The testing site and equipments

Comparison of the natural frequencies between the ex-
perimental model and the original FE model of the crane
can be found in Table 1 (trolley position 1). It shows that,
the errors of mode 1 and mode 6 were higher than 5%,
which are usually unacceptable in engineering applica-
tions.

There are 20 pre-selected design parameters (11 geom-
etry parameters, 3 material parameters and 6 boundary pa-
rameters etc.) in the original FE model because of model
simplifying or knowledge lacking. Figure 4 shows the pa-
rameters sensitivity analysis by utilizing Eq. (6). It can be
seen that 2 geometry parameters and 6 boundary param-
eters of the 20 pre-selected parameters have the relatively
larger sensitivity values than others, which means they are
much more sensitive to the objective. So in this study, these
8 parameters (g6, g7 and blto b6) which represent for the
thickness parameters and the fore and back frame legs’
constrain stiffness in x, y, z direction, respectively, are se-
lected as the main factors for FE model updating.

The final modal parameters after FE model updating
are showed in Figure 4, Figure 4(a) shows the differences
between FE and experimental frequencies are all reduced
to below 2%, and it is clearly seen that all pair points are
close to the diagonal, especially, the errors on the 1st, 4th
and 6th mode frequency, they are all below 0. 5%. Fig-
ure 4(b) shows that the correlation of mode shape is also
improved as all MAC values are over 0. 88. It can be seen
that the model updating result is a significant improve-
ment comparing to the original FE model’s. It has to be fig-
ured out, the accuracy of frequency of the updated model
is much higher than the accuracy of mode shape, which
can be attributed to two main reasons. One is due to the
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Table 1: Comparison of the natural frequencies between the experimental model and the original FE model (Position 1)

Feq.
w MAC;
Mode we (Hz) ! Errors ' Mode Shape
(H2) (%)
(%)

1 1.034 1.096 6.03 94.18  1st cross flexural mode of the overall unit

2 1.688 1.657 1.82 95.12  1st cross flexural mode of the beam and frame

3 2.284 2.372 3.87 91.34  1stlongitudinal mode of the overall unit

4 4,118 4.241  2.99 86.12  2nd cross flexural mode of the overall unit

5 5.129 5.323 3.79 80.87  3rd cross flexural mode of the overall unit

6 5.862 6.341 8.17 83.35  1stvertical mode of the overall unit
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Figure 3: Parameters sensitivity analysis

structural modal parameters estimating from the experi-
mental model which are based on the operational modal
analysis instead of white noise, because the actual sys-
tem input is always color noise, which caused the errors in
modal parameters, especially in modal shapes. The other
one is due to the inherent errors in simplification in the FE
modeling, which could result in a greater impact on the
high-ordered mode shape.

The structural modal parameters are dependent on
systematic mass matrix and stiffness matrix. When the
trolley is in different positions on port crane girder, the dis-
tribution of mass matrix and stiffness matrix will be differ-
ent, which could cause the variation of the modal parame-
ters of port crane. Figure 5 shows the difference in the fre-
quency and MAC values among the first 6 modes identified
by the operational modal analysis. The maximum differ-
ence in frequency is as high as 7% and the maximum dif-
ference in MAC values is 3%, which indicates the variation
of modal parameters caused by the trolley position is not
negligible for port crane.

Experimental frequencies (Hz)

(a)

Position 1 ' Before updating |
10 S After updating

MAC (%)

Mode number

(b)

Figure 4: Modal parameters of the updated FE model (Position 1)

In order to verify the accuracy of the FE models of port
crane with the updated design parameters for different
trolley positions, the design parameters in the original FE
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Figure 5: Differences of the frequency and MAC between position 1
and position 2
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Experimental frequencies (Hz)

Il Before updating
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MAC (%)

mode 1T mode 2 mode 3 mode 4 mode 5 mode 6
Mode number

Figure 6: Modal parameters of the updated FE model (position 2)

model in position 2 is replaced by the design parameters in
the updated model in position 1 to get the updated model
for position 2 and also the structural modal parameters,
which is shown in Figure 6. It is clear to see the modal pa-
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rameters in the updated model has been greatly improved
compared to the original FE model, the improvement is as
much as the updated FE model for position 1 (see Figure 7).
So, for port crane structures, the updated design parame-
ters from the FE model with single trolley position can be
directly applied to the original FE model with different trol-
ley positions, which will improve the updating efficiency
of FE models of port crane under all working conditions.

Position 1

mode1 mode2 mode3 mode4 mode5 mode6

Frenqucy Error (%)

Il Before updating
I After updating

Position 2

mode1 mode2 mode3 mode4 mode5 mode6

-5

Frenqucy Error (%)
o

Il Before updating
I After updating

Figure 7: Frequency error of the updated FE model

7 Conclusion

Model updating of port crane structures needs approxima-
tion of the FE models according to the experiment mod-
els and results. In this study, port crane structure model
updating is achieved by adopting the sensitivity based
parametric FE model updating technique combined with
the modal parameters identified by the operational modal
analysis under ambient excitation. The objective function
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is established and the model is updated according to fre-
quency correlation and modal assurance criterion (MAC)
together, which can avoid the mismatching of mode shape
caused by frequency approximation during model updat-
ing. The zero-order/first-order combination algorithm is
adopted to optimize iteration, which can avert the opti-
mization process stuck in local optimal solutions. The re-
search results indicate that, the principles put forward in
this paper can be applied to solve the model updating
problems for large port crane structures, and the method-
ology adopted in the paper can help to achieve relatively
satisfactory accuracy of the structural FE model, particu-
larly for the structural frequency updating. The positions
of the trolley can influence the modal parameters of port
crane structure, the updated design parameters from the
FE model with single trolley position can be used as the
updated design parameters for port crane structures un-
der all working conditions, which can achieve satisfactory
updating results while saving lots of updating time.
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