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Abstract

A damage diagnosis method was proposed based on modified fruit fly optimization algorithm for the identification of structural
damage to wind turbine blade. By transforming the identification of structural damage into constrained optimization, this method
identified the structural damage to wind turbine blade by fruit fly optimization with minimum inherent frequency and oscillation
mode error as target function of constrained optimization. Given that the basic fruit fly optimization (FOA) has problems of partial
optimization and low optimization accuracy, so chaos optimization algorithm was used to modify FOA. The numerical simulation of
single- and multi-damage to wind turbine blade and various experiments of damage to small-scale wind turbine blade showed that
modified fruit fly optimization (MFOA) can not only accurately identify the damage position, but also effectively identify the
damage degree in detection of structural damage to wind turbine blade. Therefore, the identification accuracy of MFOA was
obviously better than that of basic FOA and genetic algorithm (GA).
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1 Introduction

In long-term service, damage accumulation, resistance
attenuation, etc. may easily occur to wind turbine blade
because of material aging, fatigue, corrosion and
operation in adverse outdoor environment for a long time.
Meanwhile, with the growth of generating capacity of
monomer in wind turbine system, the scale of wind
turbine blade may gradually increase, and the blade cost
also increasingly raises [1]. Once upon the wind turbine
blade is damaged, a huge economic loss and even persona
injury may be caused. Therefore, the detection of
structural damage to wind turbine blade has important
meaning to safe operation of wind turbine [2-4].
Traditional detection of structural damage to wind
turbine blade can be divided into partial damage detection
and overall damage detection. Partial damage detection
refers to directly conducting partial detection to the
structure by modern  structural non-destruction
measurement to determine if there is any damage and the
damage degree of detected part. At present, the common
methods mainly include acoustic emission detection [5],
ultrasonography [6], infrared thermography detection
method, etc. The overall damage detection based on
dynamic test is to determine if the structure has been
damage and its damage degree by detecting the response
change before and after overall structural damage. This
method can be divided into damage identification based
on static features and that based on dynamic features [8]
according to different response features. Common
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methods of damage identification based on dynamic
features include: identification method of structural
damage based on inherent frequency [9], identification
method of structural damage based on oscillation mode
[10], identification method of structural damage based on
residual force vector [11], etc. In recent years, with the
development of intelligent technology, data processing
technology, and signal processing technology, the
identification of structural damage with powerful signal
processing, non-linear mapping, and classification
learning capacity of intelligent algorithm has become the
research focus of damage identification. In 2010, B.
Chao, et al. [12] transformed the identification of
structural damage into constrained optimization. They
diagnosed the crack failure of rotor blade under
circumstance of multi-damage to effectively identify the
structural damage to rotor blade. In 2012, Tian Yuan, et
al. [13] applied FOA to the prediction of bearing damage
in hydro-power generating unit to provide a new effective
method for predicting the structural damage of bearing in
hydro-power generating unit.

Enlightened by above ideas, this work applied FOA
to the identification of structural damage to wind turbine
blade. “Prematurity” may occur to basic FOA to make the
convergence speed slow in late stage and reduce
convergence accuracy, while chaos algorithm is featured
with university, regularity, and randomness. Therefore,
this work proposed a new chaos FOA by mixing chaos
optimization into the evolutionism of FOA. Compared to
basic FOA and GA, the algorithm in this work has
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obviously improved the identification accuracy and
effectiveness.

2 Theory of fruit fly optimization algorithm

2.1 BASIC FRUIT FLY OPTIMIZATION
ALGORITHM

Fruit fly optimization algorithm is a new method for
overall optimization proposed for the enlightenment of
foraging behavior of fruit flies. When searching foods,
fruit flies will determine the approximate position of food
by smelling, and then the accurate position by vision.
FOA is summarized as follows [14] according to the
foraging behavior of fruit flies:

1) Random initialization was conducted for the

location of fruit fly group X -@iSand Y —axis

2) Random direction and distance of food searching
were given for every fruit fly by smelling:
{Xi = X _axis + RandomValue

Y, =Y _axis + RandomValue
1)

3) The food location cannot be determined, so the
distance to initial point ( Dist, ) was calculated firstly, and

then the judgment value of concentration S, at the location

was calculated, which was also set as the reciprocal of
distance:

Dist, =,/xi2 +Y? (2)
S, =1/ Dist, ©)

4) The judgment value of smell concentration S, was

substituted into smell concentration judgment function
(or called the fitness function) to obtain the smell
concentration at the position of individual fruit fly Smell, :

Smell, = Function(S;) (4)

5) The fruit fly with the minimum smell
concentration in group was found;

[bestSmell bestindex] = min(Smell, ) (5)

6) The optimal smell concentration and coordinate X
and Y were maintained. At this time, fruit fly group flied
to the position by vision:

Smellbest = bestSmell
X _axis = X (bestindex)
Y _axis =Y (bestindex)

7) lterative refinement refers to repeating Step 2) ~

5) to judge if the smell concentration is superior to that in
last iteration. If yes, 6) will be taken.

(6)

2.2 MODIFIED FRUIT FLY OPTIMIZATION
ALGORITHM

During the iterative refinement, the basic fruit fly
optimization algorithm only learns from the optimal
individual at present. When the optimal individual is
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found in the iteration, all the individuals will fly to the
position. Therefore, the population diversity reduces to
make the algorithm easily limited in a small region, and
convergence speed slow and accuracy decreasing in late
stage to cause the prematurity of convergence.

The modified fruit fly optimization algorithm
proposed in this work conducted chaos optimization on
basis of basic fruit fly algorithm. Chaos optimization
refers to carefully searching the whole fruit fly group
after obtaining the optimal individual in group with the
features of university, regularity, and randomness of
chaos optimization. Therefore, a new chaos fruit fly
optimization is proposed by mixing fruit fly optimization
algorithm with chaos optimization algorithm. This
algorithm can give a play to advantages of both
algorithms to greatly improve the optimization accuracy
and efficiency. The major steps to modify the fruit fly
algorithm are as follows:

1) Randomly initiate the position of fruit fly group;

2) Implement Step 2)-5) of basic fruit fly
optimization algorithm;

3) Maintain the optimal smell concentration value
and coordinate of X and Y. At this time, the fruit fly group
should fly to this position by vision;

4) Conduct chaos optimization to the optimal

individual of fruit fly group by equation (7), and judge if
the smell concentration of new individual is superior to
that of original individual. If yes, replace the original
individual with new individual, otherwise, keep the
original individual;

X, = X (bestindex) + a(t(k) —l)
2 )
Y, =Y(be5t|ndex)+a(t(k)—%)

where, a(t(k)—%) is a chaotic variant with small

traverse interval and ¢ adjustment factor which can be
less than 1.

5) Judge if above conditions are satisfied. If yes,
implement Step 3), otherwise, turn to Step 2).

Chaos optimization algorithm is sensitive to the
initial value [15-16], so chaos fruit fly algorithm can not
only prevent partial optimization of fruit fly optimization
algorithm, but also improve partial searching capability if
parameters are rationally selected.

3 Application of FOA in identification of structural
identification to wind turbine blade

Following target function for optimization was
established by transforming the identification of
structural damage to wind turbine blade into constraint
optimization in detection :
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£(0 = (1~ MAC(4".4°)) + ER(", ") ®)
Ii o"—w’
where, ER(a", @) =|————|x100%
¢|hT¢ﬁd
MAC(@“,@“):W,ELZ,...,S
U A

(@"4") and (@'.%") are frequency and oscillation mode
before and after structural damage to wind turbine blade,
respectively; S is the model order of wind turbine
blade; X the damage degree of unit stiffness, which is in
scope of [0, 1] in theory, in which X =0 means no
damage to unit stiffness, and X = 1 means that the
damage degree of unit stiffness is 100%. However, when
X = 1, paradox may occur to the solution of characteristic
value. In the view of practice, the structure of wind
turbine blade has been severely damaged or destroyed
when the damage degree is 90%. Therefore, the scope
of X should be set in [0, 0.9]. In this way, the
identification of structural damage to wind turbine blade
can be transformed into typical optimization of constraint
solution:

min f (x) = z (1-MAC(4",4°) +ER(0", &"))
©)

where, 0<x<0.9;i :1,2,-~,s_

Above constraint optimization was solved by AG,

basic FOA, and MFOA as follows.

4 Numerical simulation

Figure 1 shows the model of wind turbine blade
established in ANSY'S software. The total length of blade
was 35m, and the material parameters were defined as
follows: E, =42.6x10° Pa, Ey=16.5X10g Pa,G,, =5.5x10°

Pa, P,, =0.3 and p =1950 kg/m® [17]. The unit model

rxy
adopted Shell99, and the grid division was conducted to
blade as shown in Figure 2.
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FIGURE 1 Structural model of wind turbine blade

Structural damage was stimulated by changing the
unit stiffness with modal of the first 5 orders [18]. Taking
Unit 3 and Unit 7 units as the possible damage units,

487

Gu Guimei, Wang Zheng

there were 2 kinds of damage degree which are 30% and
50%, respectively. Condition 1 refers to single damage in
30% for Unit 3, while Condition 2 refers to multi-damage
in 30% and 50% for Unit 3 and Unit 7, respectively as
shown in Table 1. For above possible damage units, 3
algorithms were adopted: GA, basic FOA, and MFOA to
conduct damage diagnosis. Figure 3 and Figure 4 show
the judgment results. Figure 5 and Figure 6 show the
convergence performance curve in corresponding
conditions of single damage.

ELEMENTS

FIGURE 2 Finite element model of wind turbine blade
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FIGURE 6. Convergence curve for identification of single damage by
FOA and MFOA

According to Figure 3, the identification results are
0.3033 by GA, 0.2989 by FOA, and 0.3 by MFOA under
single damage condition. According to Figure 4, the
identification results are 0.2987 and 0.5109 by GA,
0.2973 and 0.5007 by FOA, and 0.3 and 0.5 by MFOA. It
can be seen that the diagnosis results are all close to the
real value of damage by these three algorithm, while the
result by MFOA is better than that by FOA and GA.

Figure 5 and Figure 6 show the comparison of
convergence performance by above 3 algorithms in single
damage condition. According to these figures, the
optimal value is reached at the 93 times by GA, the 32
times by FOA, and 16 times by MFOA. It can be seen the
convergence curve of FOA is less than the maximum
iteration steps when the Y-axis reaches the minimum by
GA. In other words, the convergence speed is much faster
when FOA reaches the minimum, while the convergence
speed of MFOA is better than that of FOA. Therefore,
MFOA is obviously better than FOA and GA according
to convergence curves in Figure 5 and Figure 6.

5 Experimental verification

Experimental subject was small-scale wind turbine blade
made of glass reinforced plastic in length of 1.5m. The
blade tail was fixed, and 4 piezoelectricity acceleration
sensors were distributed on blade surface in equal
distance one by one to measure the vibration response in
waving and swinging direction. Figure 7 is the
distribution diagram of modal measure points in both
waving and swinging directions numbered with 1 and 2,
respectively. Figure 8 shows the test bed equipment.
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FIGURE 7 Distribution of modal measure points in waving and
swinging directions

Without damage to blade, the response signal of
blade in free oscillation was measured under transient
excitation, and the vibration signal was analyzed by
density method of self-cross spectrum [19] as shown in
Figure 9 and Figure 10. In two figures, Figure 9 is the
overlay chart of auto-power spectrum for each sensor,
and Figure 10 is the overlay chart of self-cross spectrum
between Channel 4 and Channel 1~3. According to the
overlay chart of auto-power spectrum for each sensor in
Figure 9, it can be roughly obtained that peak frequencies
of sensors are 3.906 Hz, 23.44 Hz, 62.5 Hz, and 119.1Hz,
respectively.

FIGURE 8 Test model of wind turbine blade structure
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FIGURE 9. Curve for self-power spectrum of each channel
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Then, the phase diagrams and relevant functional
diagrams between Channel 4 and Channel 1~3 were
checked, respectively to further judge the accuracy of
these peak frequencies and determine the inherent
frequency of wind turbine blade as shown in Table 2 and
Table 3.

TABLE 2 Measurement results of frequency of wind turbine blade in
waving direction

Inherent 3.906 23.44 62.5 119.1

frequency/Hz

TABLE 3 Measurement results of frequency of wind turbine blade in
swinging direction

Inherent 18.1 62.2 86.3

frequency/Hz

Finally, the amplitude of oscillation mode of modal
in each order can be obtained by reading the
corresponding value of inherent frequency in
transmission rate curve. Then, mode amplitudes of
sensors were normalized. curve-fitting for oscillation
curve for overall blade structure can be obtained by
fitting the oscillation curve. Figure 11 is the curve-fitting
of the first order oscillation mode in blade waving
direction.
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FIGURE 11 Curve-fitting of oscillation mode in waving direction of the
first order

The major damage to wind turbine blade in practical
operation is crack which is mainly transverse crack.
Therefore, in this experiment, the damage was stimulated
by crack in a unit of blade [20], and different damage
degrees were simulated with different crack depth. In the
experiment, the simulated crack depth (h/D, where D is
diameter and h is damage depth, mm) is 31.4% and
50.8%, respectively. Then, operational modal analysis
was conducted to damaged wind turbine blade by the
same way as above to obtain dynamic features in
different damage degrees as shown in Table 4 and Table
5. It is assumed that cracks will not affect the quality
distribution of structure, and cracks may reduce the
overall stiffness of blade structure.
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TABLE 4 Measurement results of frequency of wind turbine blade in
waving direction after damage

2.93 20.51 59.57 116.2

2.306 20.04 57.52 114.3

Taking the minimum inherent frequency and
oscillation mode error as target function for designed
optimization by equation (9), above 3 algorithms were
adopted, respectively, to conduct detection study on this
structure with measurements as shown in Table 6.
According to Table 6, the damage identifications in all
conditions by above 3 algorithms all reached satisfied
effects, while the identification results for damage
diagnosis by MFOA was much closer to the real value of
structural damage. It can be seen that MFOA can
effectively identify  structural damage, and its
identification accuracy is superior to that of basic FOA
and GA.

TABLE 5 Measurement results of frequency of wind turbine blade in
swinging direction after damage

16.9 59.6 84.5
15.1 57.7 81.7
TABLE 6 Identification of damage to wind turbine blade
33.6 34.1 322
52.1 51.7 51.2

6 Conclusions

This work proposed a diagnosis method for structural
damage of wind turbine blade based on modified fruit fly
algorithm. Following conclusions were drawn by
numerical simulation and experimental verification:

1) Fruit fly algorithm is featured with overall
optimization, so good results were obtained by
identifying with structural damage position and degree of
wind turbine blade in this work. In addition, fruit fly
algorithm can also play a role in identification of other
large-scale complex structures.

2) Fruit fly algorithm s featured with fast
convergence, simple realization, few parameters, etc., and
the convergence performance of modified algorithm is
obviously superior to basic FOA and GA, so MFOA can
better apply to parameter identification. Therefore, it can
play an important role in diagnosis for structural damage
of wind turbine blade.

3) MFOA proposed in this work cannot only apply
to the diagnosis of structural damage, but also the
constraint optimization with multiple design variants.



COMPUTER MODELLING & NEW TECHNOLOGIES 2014 18(12A) 485-490

This work mainly verified the effectiveness of MFOA in
identification for damage of wind turbine blade, but it
does not involve the slight damage to blade structure.
Therefore, the accurate judgment of slight structural
damage is the subsequent problem to be solved.
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