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ABSTRACT

The nonlinear R-MISO system identification procedure and the parameters of the MDOF system identified in Part I are examined in detail in this paper. A parametric study is conducted and the results are presented on the sensitivity of the system parameters for two key nonlinear responses -- sub-harmonic and super-harmonic resonances. The parameters are compared to determine the appropriateness of using a single set of system parameters for both response regions. A detailed comparison of the MDOF and the corresponding SDOF system results is also performed. The knowledge gained from the SDOF and MDOF studies on the applicability of the R-MISO technique for the system identification of MDOF submerged moored structures is also discussed.

INTRODUCTION

Parameter identification of multi-degree-of-freedom (MDOF) systems has been of great interest in the last several years.  Modal superposition and spectral techniques based on the assumption of orthogonality of the normal modes of the system and the subsequent decoupling of the equations using modal vectors are widely used for the analysis and identification of general MDOF systems (Edwins 1984).  However, as pointed out by Rice and Fitzpatrick (1991), these techniques are limited to linear systems only and not applicable when the systems have significant modal coupling due to damping and/or nonlinearity.  

The nonlinear identification technique based on the inversion approach of spectral analysis for single-degree-of-freedom (SDOF) systems (Rice and Fitzpatrick 1988) was extended to the identification of nonlinear parameters of MDOF systems (Rice and Fitzpatrick 1991).  Bendat et al (1992) independently developed the Reverse Multiple-Input/Single-Output (R-MI/SO) technique and applied it to several MDOF systems incorporating nonlinear damping as well as nonlinear stiffness (see also Bendat and Piersol 1993).

Experiments have been conducted at the O. H. Hinsdale Wave Laboratory at Oregon State University (OSU) on a multi-point moored submerged sphere with SDOF and MDOF configurations subject to wave excitations.  In this study, the nonlinear-structure nonlinearly-damped (NSND) model developed and validated for the SDOF constrained experimental system (Narayanan and Yim 1999) is extended to the MDOF system.  The NSND model requires the knowledge of inertia and drag coefficients, Cm and Cd respectively for the evaluation of hydrodynamic force on the sphere.  A vast library of experimental data on hydrodynamic coefficients for cylinders as a function of the Keulegan-Carpenter number (KC), the Reynolds number (Re) and the roughness parameters is available from laboratory and field tests.  The real fluid effects, proximity of boundaries, fluid particle excursion lengths, surface roughness, vortex shedding, non-harmonic motions, etc. tend to modify the forces on the cylinder thus yielding non-constant values for the hydrodynamic coefficients.  Theoretical studies of unsteady motions involving a sphere in a real fluid have so far been restricted to small Reynolds numbers (Wang 1965; Hjelmfelt et al 1967).  The Cm for fixed spheres was found to vary between 1.43 and 1.73 within the range of 0.2 ( KC ( 3.2 (Harleman and Shapiro 1958).  For a pilot study in the ocean on wave-induced forces on a fixed sphere with the inertia forces dominating the total force and Re ranging from 105 to 5 x 105, Grace and Zee (1977) found the average inertia coefficient to be 1.21 and the Cd to be 0.4.  With the coefficients dependent on KC and Re, reasonable estimates of the hydrodynamic coefficients for a sphere are within the following bounds, 0.1 ( Cd ( 1.0 and 1.0 ( Cm ( 1.5 (Grace and Casino 1969; Grace and Zee 1978).


Using the measured wave excitation and response data together with the identified system parameters, the response behavior of MDOF system is compared to that of the SDOF system.  The study includes a sensitivity analysis on system parameters, and the effect of hydrodynamic coefficients on the response.  Based on the individual response behavior and the R-MI/SO technique application, a comparative analysis between the two systems is performed.

MDOF SYSTEM SUB-HARMONIC RESPONSE BEHAVIOR

Time Series and Spectra
Three tests, ML1, ML2 and MH conducted on the sphere with the same wave period and varying wave heights with white noise as the wave excitation yield subharmonic response (Yim et al 1993).  All the tests have the same wave period (T = 2.21 seconds), but they vary in wave heights.  The data sets are labeled and grouped according to the variation in wave amplitude.  The symbol 'M' stands for multi-degree-of-freedom, 'L' and 'H' represent low and high wave amplitude excitation, respectively.  The wave velocity and acceleration are evaluated using the central difference method (Gerald and Wheatley 1989).  The sampling interval used in the experiment is 0.0625 second, which yields a Nyquist frequency of 8 Hz.  

The total number of samples of the excitation and response time histories for spectral simulations is 8192 (512 seconds), with sub-record lengths of 1024 and 50 % overlapping  for the Fourier transforms.  

A typical segment of the time series and the spectra of the entire record of wave and responses (surge and heave) for the data sets are given in Figs.7-8.  The mean spectra, ML for ML1 and ML2 are also shown in Figs.7b, d and f.  The input wave characteristics including wave height (H), Keulegan-Carpenter number (KCF), Reynolds number (ReF), Cm and Cd are given in Table 1a.  The identified system parameters, a1, a2, a3, b1, b3, c12, c21, (1, (3, Cd1,3' and fn1,3 using the R-MI/SO technique are shown in Table 1b. 

Sensitivity Analysis

In order to obtain an optimal range of system parameters,  a sensitivity analysis is conducted.  Each system parameter identified using the technique is varied for a range in specific increments while keeping all the other identified parameters constant (Table 1b) and the surge and heave responses are simulated for each variation by solving Eqs.1, 3 and 4.  The results are compared against each other in both time and frequency domains.  The optimal range and most suitable value of system parameters are tabulated in Table 2.  The table shows that the best value for the system parameters remain the same for all the data, but MH has a restricted range compared to ML1 and ML2.  In general, a problem of numerical instability is observed for MH using the time step, 0.0625seconds, while solving the ordinary differential equations, Eqs.1, 3 and 4.  By reducing the time step by one-fourth and interpolating wave force at the intermediate points, a solution is obtained.    

The observations from the sensitivity analysis are summarized through spectral diagrams in the following paragraphs.  Since the data sets ML1 and ML2 exhibit similar behavior, the mean of the resulting spectra for each variation is obtained and used for the comparison.  The effects of varying a1 on heave and surge responses for ML and MH are presented in Fig.9.  The spectral density normalized with the variance of the corresponding wave data (Sxxn) is plotted against frequency for a1 from 4 to 15 lb/ft (58.0 to 217.4 N/m)or a1n (the ratio of instantaneous value of a1 to the best value of a1 as given in Table 2) from 0.33 to 1.25.  The heave response does not change significantly for ML, whereas in the secondary resonance region, response increases with the increase in a1 for MH.  From the surge response behavior, it can be observed from Fig.9b and d that there is a slight increase in the primary resonance energy as a1 increases.  The subharmonic resonance region shifts towards the right as a1 increases.  

When a2 is increased from 0 to 10 lb/ft2 (0 to 476.6 N/m2) or a2n=0 to 1.25, the response in the secondary resonance region for heave and surge increases slightly for ML as given in Fig.10a and b.  The effects are more pronounced for MH (Fig.10b and d).  The primary resonance region is not affected by changing a2.  Fig.11 shows that increasing a3 increases from 0 to 10 lb/ft3 (0 to 1568.1 N/m3) or a3n from 0 to 2.5, decreases the subharmonic response and the variation is more prominent for MH.  

The effects of varying b1 from 8 to 16 lb/ft (116.0 to 231.8 N/m) on the heave and surge responses for ML and MH are demonstrated in Fig.12.  The surge response appears unaffected for ML, whereas the response in the secondary resonance region decreases with increasing a1 for MH. 

For the heave response, it can be observed from Fig.12b and d that the response in the primary resonance region increases and the subharmonic resonance region shift towards the right with increases in a1.  When b3 is increased from 0 to 1.4 lb/ft3 (0 to 219.6 N/m3), the response in the secondary resonance region in heave and surge increases for ML and MH as given in Fig.13, where the effects are more pronounced for MH.  

From Figs.14 and 15, it can be observed that by varying the coupled restoring force coefficient c12 and c21, there is no significant effect on ML.  For MH as shown in Figs.14-15 c and d, the response in the primary resonance region is not affected, but the secondary subharmonic response increases with increase in the coefficients.  

By varying the linear structural damping coefficients (1 and (3 from 0 to 0.1, the subharmonic response decreases with increasing damping and the primary resonance region is not affected as demonstrated in Fig.17 and the effects are more noticeable for MH.  A similar trend of decreasing subharmonic response with the increase in coefficients can be observed for Cd1' and Cd3' as shown in Fig.18 and 19.  

Effects of KC and Re on Hydrodynamic Coefficients


From the optimal range and the most suitable value of KCF, ReF, Cm and Cd tabulated in Table 1a, it can be observed that the inertia coefficient Cm decreases with increasing KCF and ReF, but varying Cd has no effect on the response.

MDOF SYSTEM SUPER-HARMONIC BEHAVIOR
Please add materials from super-harmonic section here.
COMPARISONS OF MDOF AND SDOF SYSTEM BEHAVIOR

Eight tests were performed on the SDOF configuration using periodic excitation with white noise perturbations (Yim et al 1993).  Each of the tests displayed a certain degree of subharmonics in the sphere movement.  The data sets SL1, SL2, SM1, SM2, SM3, SH1, SH2 and SH3 are grouped according to wave excitation amplitudes, where 'S' stands for single-degree-freedom, and 'L', 'M' and 'H' represents low, medium and high wave amplitudes, respectively.  The wave time series (a typical segment) and spectra, response time series (a typical segment) and spectra for all the data sets grouped are given in Figs.3.20-22.  The mean spectra for the three groups, SL, SM and SH are also shown in the figures and are considered to be representative of each group.

All the experimental data have wave period, T = 2 seconds and they vary in their wave heights and noise/signal ratio.  The input wave characteristics such as wave height (H), Cm, Cd, Keulegan Carpenter number (KCF ) and Reynolds number (ReF) are shown in the Table 3.3a.  The system parameters, a1, a2, a3, (1 and Cd1' identified using the R-MI/SO technique are given in Table 3.3b.

Comparison of MDOF and SDOF System Behaviors

The surge response behavior of MDOF and SDOF systems described in Sections 3.5 and 6 are compared in this section.  Specifically, comparisons of the wave excitation and surge response time series, R-MI/SO technique application, identified parameters, results for the sensitivity analysis on surge system parameters, and the effect of hydrodynamic coefficients between SDOF and MDOF are presented and discussed in this section.

Time Series, Phase Diagrams and Wave Spectra

From the Table 3.1a and 3a, it can be found that the wave excitation characteristics of MH and SM3 closely matches each other, and hence suitable for comparisons.  The time series and spectra of the input and output of these two tests are presented in Fig.3.28 and the phase diagrams in Fig.3.29. It can be observed from the wave spectra in Fig.3.28 that the wave amplitude matches closely, however, there is a slight difference in the wave period.  Comparing surge response time series and spectra from Fig.3.28c and d, the SM3 response amplitude is smaller in magnitude than MH.  This can be attributed to the friction between the rod and the sphere that might have reduced the sphere movement for the SDOF system.  The phase diagrams given in Fig.3.29 exhibit a similar behavior between SDOF and MDOF surge data with stable equilibrium point at (0,0).

Reverse Multiple-Input/Single-Output (R- MI/SO) Technique Application

The R-MI/SO technique is applied to identify the linear and nonlinear parameters of both the SDOF and MDOF systems.  Several alternative MI/SO models have been derived for the SDOF system based on the how each term in the equation is treated either as a mathematical input or output and also depending upon the equation used to represent the hydrodynamic force.  The NSND model has been found to be the most appropriate representation of the SDOF experimental system and has been extended to MDOF system in this chapter.  Both models identify system parameters that generate a matching response with that of the experimental data.  The formulation of the computational technique is straightforward, simple and efficient.  The standard multiple-input/single-output procedures are incorporated in MATLAB 5.2 (MathWorks, Inc.) and once the program developed for SDOF model, it can easily be extended to systems with arbitrary degrees of freedom. 

Identified System Parameters

By equating the heave response, x3 = 0, the governing equations (1-9) given for the surge-heave model is reduced to surge motion only and the identified parameters in surge for SDOF and MDOF system tabulated in Table 1b and 2b are compared.  In general, it can be observed that the parameters of the MDOF system are larger in magnitude compared to those of the SDOF system.  The average natural frequency of the system, fn1 identified using the MDOF data is 0.28 Hz and that of the SDOF system is 0.23 Hz.  The nonlinear structural damping coefficient, Cd1', varies among the three groups of SDOF data, SL, SM and SH and as mentioned in Section 3.7.2, this could be due to the presence of rod in the SDOF system, which affects the “Coulomb” type damping not included in the modeling.

Sensitivity Analysis

Based on the sensitivity analysis presented in Section 3.6.2 and 3.7.2, it can be observed that varying the surge system parameters (a1, a2, a3, (1 and Cd1') have similar effects on the SDOF and MDOF systems.  Similar to the MDOF tests where there are two categories of data (depending on low or high wave excitation amplitude) which exhibit similar behaviors within each category, the SDOF tests are grouped into three categories.  However, there are more experimental tests for the SDOF system available to confirm the surge response behavior.

Effects of KC and Re on Hydrodynamic Coefficients

Application of the R-MI/SO technique on SDOF and MDOF, NSND models require the knowledge of Cd and Cm for the evaluation of hydrodynamic force on the sphere.  Dependence of the inertia coefficient, Cm on Reynolds number (ReF) and Keulegan-Carpenter number (KCF) for the MDOF and SDOF systems are demonstrated in Fig.30.  Both systems display a similar trend with Cm decreasing with the increase in ReF and KCF and vary between 1.4-1.1 for 1.34 x 105 ( ReF ( 5.21 x 105 and 1.19 ( KCF ( 4.  Wave tank tests on a vertical cylinder (Chakrabarti 1987) shows that Cm decreases from 2.4 to 2 with the increase of KCF from 1 to 6 and also decreases with increase in ReF and the above results for sphere also show the same pattern with the lower range of magnitude.  From numerical simulations, it is found that the predicted response is insensitive to variations in Cd within the range of 0.1 to 1.1.  Based on the water depth to wavelength (h/L) and diameter to wave height (D/H) ratios (Nath and Harleman 1970), the inertia effects dominate the total forces for both MDOF and SDOF systems.  Hence it is not possible to accurately determine the exact value of Cd.

DISCUSSION

Please make observations and lessons learned from both the SDOF and MDOF system here.
CONCLUDING REMARKS

The multi-point moored experimental structure considered is formulated as a single-degree-of-freedom (SDOF) surge and a multi-degree-of-freedom (MDOF) surge-heave, submerged, hydrodynamically damped and excited nonlinear oscillator.  The elastic mooring cables are taut and the resulting restoring force is geometrically nonlinear and is approximated by high order polynomials using least square method.  The nonlinear-structure nonlinearly damped (NSND) model developed and validated for the SDOF configuration is then extended to the MDOF system.  Using the identified parameters, a sensitivity analysis is performed on both SDOF and MDOF systems and the effect of system parameters on the response is evaluated.  The dependency of the hydrodynamic coefficients on Keulegan-Carpenter (KC) and Reynolds (Re) numbers are also demonstrated.  The surge response behavior of both systems are then analyzed and compared.  

· NSND models developed for both SDOF and MDOF systems, when subjected to R-MI/SO technique, identify system parameters that simulate a response that matches with the experimental data.  The formulation of the computational technique is straightforward, simple and efficient.  The standard multiple-input/single-output procedures once developed for SDOF model can easily be extended to systems with higher degrees of freedom. 

· A comparison between the MDOF and SDOF surge response time series and spectra show that the response amplitude is comparatively smaller for the SDOF system.  This could be due to the restricted movement of SDOF system by the rod passing through the center of the sphere.  The identified surge parameters for the MDOF system in general are larger in magnitude compared to the SDOF parameters. 

·  The sensitivity analysis of the MDOF system reveals that the effects on the responses become more significant with increasing wave excitation amplitude.  The optimum value of system parameters is practically identical for the tests subject to low and high amplitude excitation, but the latter has a restricted range that identifies response matching the experimental response.  Increasing linear surge stiffness parameter a1 has an effect of increasing the primary response and shifting the subharmonic region towards the right for the surge whereas the heave response in the subharmonic resonance region also increases.  When the stiffness parameter in heave, b1 is increased, the heave response is more influenced as expected with the increase in primary response and a right shift of the secondary resonance region.  A slight decrease in the surge response is also observed.  When the nonlinear parameters are varied, the primary response is not significantly changed.  Increasing nonlinear stiffness parameters a2 and b3 increases surge and heave subharmonic responses whereas when a3 has an opposite effect.  The subharmonic responses increase with the increase in coupled parameters, c12 and c21 and decrease with the linear ((1 and (3) and nonlinear (Cd1' and Cd3') damping parameters.  

· For the experimental data considered for both configurations, Cm varies between 1.1-1.3 for 5.3 x 105( ReF ( 7 x 105 and 4.7 ( KCF ( 6.2 and 1.3-1.5 for 1.3 x 105 ( ReF ( 3.7 x 105 and 1.2 ( KCF ( 3.3. In general, Cm increases with the decrease in Reynolds number and Keulegen-Carpenter number. This behavior is consistent with that of cylinders observed in the literature.  Since the experimental wave characteristics fall within the inertia regime, it is not possible to accurately evaluate the drag coefficients. Indeed, the response is observed to be insensitive to variations in Cd.
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