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Abstract: - This paper presents a technique for using a parametric approach for modal properties estimation of a floating offshore structure. The technique utilizes empirical mode decomposition (EMD)-based time-varying autoregressive (TVAR) model, which is an extended form of the well-known AR model. Input for TVAR model is surge motion as system response, obtained experimentally from a scaled 1:40 model of a prototype semi-submersible. By utilizing the advantage of time-varying spectrum generated from TVAR model, estimation of the modal properties is carried out in the time-frequency plane via poles technique under different random wave spectrum. The results show that the modal frequency and its corresponding damping ratio for surge motion either in low frequency or wave frequency region can be estimated well. The Stochastic subspace identification method and free-decay test of the semi-submersible prototype are taken as benchmark.
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1
Introduction

The work presented in this paper is motivated by the fact that accurate modal analysis is very important for predicting the dynamic characteristics of a structural system. In the sense of offshore structures, the modal analysis has essential impact on offshore monitoring campaign, damage assessment and fatigue analysis. It is also the base for updating or calibration of mathematical model of a structural system. Related recent researches in this field are the introduction of Prony’s method to the offshore community by [1]-[2], where they employed it for jacket-type platform using the measured free-vibration data. 

However, researches concerning the modal parameters identification on offshore floating structures is rare and the offshore community is not aware of any work on the extraction of modal properties based on the available measured data either measured motion responses of the floating structures or relationship between wave height and motion responses. Hence, the purpose of this paper is to address this problem. In this paper, attention is focused on the estimation of modal properties of a semisubmersible model, representing a moored offshore structure by introducing the parametric approach. The primary interest lies in the surge motion.

The idea is to try simplify the modal properties estimation by decomposing the surge response into its wave frequency region (WF) and low frequency region (LF) corresponding to surge motion of semisubmersible model as well as noise elimination embedded in the measured surge response. The decomposed data enable the modal properties estimation become easier and the influence of other modal frequency component can be ignored. WF and LF motion time series obtained from decomposition process are also a stationary signal in the time domain. It is the use of decomposition process which is the first objective of this paper. The problem can then be solved by introducing the application of the TVAR model for output-measurement only via time-varying spectrum for modal properties identification. This is the second objective of this paper. To support the results, free-decay test and stochastic subspace identification method are taken as benchmark.

2
Problem Formulation
2.1
TVAR Model
TVAR model estimates time-varying spectrum by modeling the signals as a time-series. Such a model is an extended form of the well-known AR model, where in the TVAR the coefficients are time-variant. AR model is not discussed here, due to the theory is mature and available in many system identification literatures. Shortly, TVAR is given by: 
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Terms such as 
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is delayed output data, called regressors in discrete time index
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is number of delayed regressors which are the order of TVAR model. Values
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are the TVAR coefficients which is time-variant. Model error is noted by
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. From Eq. (1), the work is mostly concerned with the identification of coefficients
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. Equation (1) reflects that the current measured output depends on previous states of output and model error. Rewriting Eq. (1) in a discrete state-space form, which is convenient for formulating adaptive filters, the coefficients   may be estimated as expressed in Eq. (2a),
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Vector
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, while vector 
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contains the TVAR coefficient values. If time evolution of the coefficients is restricted to be linear and stochastic, then 
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is then expressed in Eq. (2b). Term
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is the state transition matrix which will be restricted as identity matrix, while
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are the observation and state noise, respectively. Error minimization between the models’s simulated output in Eq. (1) and the measured data can be accomplished by adopting several methods. Because the floating offshore structures are dynamic system with slow variations, adaptive methods can be utilized. For more detail about those methods, one may refer to [3] because of lengthy expressions. 
2.2
Time-Varying Spectrum 

After obtaining the coefficients, it can be converted into time-varying spectrum and expressed in Eq. (3). 
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Terms in Eq. (3) are explained as follows: 
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is the observed frequency, respectively. Poles of the system can be obtained by factoring Eq. (3).

The number of poles is determined by the number past observations of the measured output included in the model. The “poles” of the system can be drawn in the complex plane. The location of both on the complex plane yields useful information regarding the properties of the system, namely modal property. However, the locations of the poles are defined by properties of the entire system. According to [4], the amplitude of a pole is related to the damping value and the phase of the poles is related to the frequency, expressed in Eq. (4) below,   
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where
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is the i-th discrete-time poles and 
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is sampling frequency. 

3
Experiment
The method is applied to the case of an eight-column semi-submersible model. The experimental layout is shown in Fig. 1. The model test was moored with horizontal wires attached to soft linear springs and connected to load cells. This arrangement allowed the model to respond to the wave loading in six degrees of freedom.
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(a) Side view
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(a) Plane view
Figure 1: Layout of model test

The model was then tested in the wave tank of the offshore engineering laboratory, Universiti Teknologi PETRONAS. The wave tank has 22 m length, 10 m width and 1.5 m depth. The JONSWAP spectrum was used to generate the random wave, where the test was conducted for six minutes duration and the model was subjected a unidirectional random wave in head seas orientation. Wave probes were used to measure the wave height, while the motion responses of the semi-submersible model in all the six-degree-of-freedom were recorded by optical tracking system. The data had been sampled at sampling frequency 100 Hz. Pre-processing for all data set is carried out for both original measured time series and described in the next section. In addition, four sets of random wave used are shown in Table 1.
Table 1: Random wave parameters
	Data
	Significant Height (m)
	Peak Frequency

(Hz)

	IRW-1
	0.06
	0.83

	IRW-2
	0.08
	0.77

	IRW-3
	0.09
	0.71

	IRW-4
	0.1
	0.61


4
Results

In this section, application of the proposed method in modal properties estimation is demonstrated. Two processes are carried out to accomplish the goal in this paper, namely raw data processing and decomposition process. Both will be discussed in the next section, by taking IRW-4 and its surge response time series as a sample.     

4.1
Raw Data Processing 

In order to make sure that either WF or LF region exist in the measured data, direct FFT is then applied. This information is important to identify the frequency range for decomposition process. The obtained results are presented in Fig. 2.  
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Fig. 2 Direct FFT (a) RW-4 data (b) its surge response

Most of wave energy is in the range 
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Hz, as depicted in the right column of Fig. 2(a). In the right column of Fig. 2(b), the FFT of surge response has two principal frequency peaks. The first peak is in the low frequency region at around 0.05 Hz, approximately 0.07 Hz, which is close to the surge natural frequency of the semi-submersible model. This frequency may be called as the resonant low frequency (LF). The second peak is around 0.61 Hz, corresponds to the frequency exist in the random wave spectrum. This frequency is known as incident wave frequency (WF). Contrary with Fig. 2(a), the resonant LF is not present in the wave spectrum. Direct assessment may be drawn directly from the results above, that the semi-submersible model is nonlinear system. These finding results are also found by many prior researches, for example [5]-[7]. In addition, Fig. 2 also provides information that both measured time series are contaminated with noise.
4.2
Decomposition Process 

Further, based on the results of Fig. 2, decomposition of measured time series of surge response is carried out. This is to identify LF and WF motion in time domain by adopting using empirical mode decomposition (EMD) method developed by [8]. Results are depicted in Fig. 3. As shown in Fig. 3, decomposition result can be classified into three IMF and one residue. It should be noted that the theory about the EMD method is not discussed here due to the comprehensive review is present in those paper
. Each IMF in Fig. 3 can be interpreted as follows:

i) The first IMF is identified as measurement noise during the experiment. If low pass filter (LPF) with cut-off frequency, 0.01 Hz is applied as filter for raw measured surge response, the noise embedded in the time series will be the same with first IMF. This finding result also confirms that EMD method may be used as an alternative filter tool for noisy time series.  

ii) The second IMF is identified as a wave frequency motion. It is confirmed with FFT result in Fig. 4. In addition, if it is overlapped with original measured wave height, the difference is only its amplitude. 

iii) The third IMF is identified as low frequency motion as confirmed by FFT result in Fig. 4.

iv) The last is residue, known as a trend of the surge response time series. 
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Fig. 3 Decomposition of surge response via EMD method 
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Fig. 4 FFT for decomposed surge response

Results from Fig. 3 and 4 are basis for the modal parameters estimation. This simply illustrate that estimation is carried out either in LF or WF region although surge motion is one mode. In this stage, several modal analysis methods may be employed such as pick picking method, Prony’s method, stochastic subspace identification (SSI) method including the proposed method. 

In order to increase the computational efficiency and performance of the proposed method, data length reduction is carried out by down sampling. Down sampling is accomplished by resampling both time series in the important frequency range, 
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Hz as shown in the Fig. 2. New sampling frequency can be obtained by
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Hz. This new sampling frequency reduces the original data from 39445 data points into 1080 data points without loss of the important frequency content. 
4.3
Modal Property Estimation 

Based on decomposition results in Fig. 3 and 4, modal properties are estimated under four random wave parameters as shown in Table 1. To check the consistency of the TVAR model in estimation process, modal frequency extraction in measured the surge response from model order 2 up to 20 is calculated and displayed in a stability diagram. The identified modal frequencies are plotted on a model order vs. frequency by using criteria: frequencies deviation between two consecutive model order < 5%. The obtained stabilization diagram of using TVAR model is presented Fig. 5. 
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Fig. 5 TVAR stabilization diagram (a) WF region (b) LF Region
It can be clearly seen from the stability plot that estimation process is carried out in every single frequency. It makes the modal parameter identification much easier by displaying one clear stable pole in every frequency region. In addition to that, besides it produces better frequency resolution compared to FFT results in Fig. 4, TVAR model as parametric approach also can be used to construct stabilization diagram like the well-known SSI method. Further, modal frequency and its respective damping ratio under optimum model order (2,2) for WF region and (3,2) for LF region are presented in Fig. 6 and 7, respectively. The values are tabulated in Table 2 and 3. From Fig. 6(a) and 7(a), modal frequencies are successfully identified in both regions using Eq. 4(a). In WF region, modal frequencies fixed around their corresponding wave spectrums as per Table 1. In LF region, the modal frequencies are consistent around 0.05 Hz for every wave spectrums, which confirms that the variation of wave spectrum frequency does not affect the low frequency of floating structures. For clearance, each value is presented in Table 2, respectively. 
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Fig. 6 Estimation in WF region (a) frequency (b) damping ratio
Another advantage of using the TVAR model is that it can describe the time evolution of modal properties even decomposed surge response are stationary time series. From the results obtained, it can be observed that semi-submersible model test in the wave tank has a stationary process in WF and LF region which confirms the result of decomposition process. As additional information, that actual frequencies in Table 2 for WF region are obtained from JONSWAP spectrum while for LF region; 0.05 Hz is obtained from free-decay test.             
Damping ratios in WF and LF region can be calculated using Eq. 4(b). They are shown in Fig. 6(b) and 7(b). In WF region, it can be found out that damping ratios are not sensitive to the variation of wave spectrum frequency. This is to be expected since in WF region, first-order wave motion is dominant. Those values are consistent with value obtained from free-decay test, where it was carried in the still water. Conclusion may be drawn that damping ratio during the wave run-up (first-order) and still water are almost the same. 
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Fig. 7 Estimation in LF region (a) frequency (b) damping ratio

Contrary to the WF region, interesting finding results are also found in the LF region. The value of damping ratio is very sensitive to the change of wave spectrum frequency. It means that slow-drift motion due to second-order wave motion affect the damping value. The global trend is the increase of wave spectrum frequency makes the damping ratio become decrease. The values are higher than those in the WF region. It might be understood that this is the effect of hydrodynamic loading and the nonlinearity exists in the system. Each value is also presented in Table 3. 
From Table 2, the discrepancy between the actual and measured is not really significant. It confirms that the parametric approach via TVAR model can identify the modal frequency accurately.
Table 2: Identified modal frequencies
	Frequency
	Wave
	Actual (Hz)
	Measured (Hz)

	
	
	
	TVAR

Model
	SSI

Method

	WF 

region
	
	JONSWAP
	

	
	IRW-1
	0.81
	0.834
	0.812

	
	IRW-2
	0.77
	0.772
	0.711

	
	IRW-3
	0.71
	0.711
	0.698

	
	IRW-4
	0.61
	0.608
	0.598

	LF 

region
	
	Free Decay Test (%)
	

	
	IRW-1
	0.05
	0.047
	0.041

	
	IRW-2
	
	0.046
	0.048

	
	IRW-3
	
	0.042
	0.038

	
	IRW-4
	
	0.044
	0.04


Table 3: Identified damping ratios

	Damping
	Wave
	Free Decay Test (%)
	Measured (%)

	
	
	
	TVAR

Model
	SSI

Method

	WF region
	IRW-1
	2.69
	3.42
	3.14

	
	IRW-2
	
	2.95
	2.86

	
	IRW-3
	
	2.58
	2.78

	
	IRW-4
	
	2.01
	2.42

	LF region
	IRW-1
	2.69
	4.55
	4.46

	
	IRW-2
	
	5.61
	5.80

	
	IRW-3
	
	8.40
	8.21

	
	IRW-4
	
	11.57
	11.52


. 
5
Conclusion

In this paper, a parametric approach for modal properties estimation is presented by using output only measurement. Decomposition of the surge response is carried out to identify WF or LF motion using EMD method. The decomposed surge response is easier to estimate its respective response frequency and damping ratios. It is found out that the proposed method produces accurate result in estimating response frequencies either in WF or LF region. The damping ratio is below 4% in the WF region where it is consistent with free-decay test result. Reverse, in the LF region, damping ratios are found higher than in WF region. It confirms that damping ratios are not sensitive to the variation of wave spectrum frequency in the WF region, while second-order wave motion affects the damping value. SSI method and free-decay test as a benchmark also confirms the accuracy of the proposed approach. Finally, the methodology presented in this paper can be used to address structural response and health monitoring problems in floating offshore structures.
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