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To ensure the computational accuracy for the offshore high voltage direct current substation local structure and its large and complex electrical equipment, it is necessary to reduce the modeling complexity and improve the calculation efficiency. Thus, a simplified vibration model with constant key physical parameters was established; the converter valve was used as a test design example and a lower number of samples was used. Finally, the response surface fitting was carried out. Based on the machine learning concept, problems such as the loss of physical meaning of complex system matrices and low iteration efficiency, caused by high-dimensional matrix operations were avoided. In addition, the deterministic screening experiment design greatly reduced the number of samples needed while also ensuring the second-order effect. The fit between the response surface equation and experimental results was good after optimizing the relevant design factors based on the vibration equation. The comparison between the simplified vibration converter valve model and the original complex model has shown that the errors for various physical parameters and the vibration characteristics were below 5% and that the model simplification degree was 95%.
Keywords: response surface, model simplification, vibration characteristics, offshore HVDC substation, experimental design
INTRODUCTION
Within the offshore wind power industry, it is known that the traditional offshore substation cannot always meet the gradually increasing demand for larger offshore distance, capacity, and higher voltage levels. Therefore, offshore wind power relies on flexible direct-current (DC) transmission to improve its cost-effectiveness (Tang et al., 2013). Consequently, the offshore high voltage direct current (HVDC) substation has become a new core technology in offshore wind farms. Its structure and the safety of the carried precision high-voltage equipment are critical factors in the reliable offshore wind farm operation.
Generally, the structural dynamic response of HVDC is mainly studied under adverse loads, including seismic action (Sun et al., 2019) and extreme wind and wave conditions (Zhang et al., 2019), with structural safety prioritized. When modeling HVDC substation structure, the equipment model in real scale should be built accurately to obtain the stress of structural components, node displacements, and local mode/vibration, among other indicators. Those are necessary to increase the computation accuracy and are calculated for the important equipment positions (Bang et al., 2021). Further, large-scale high-voltage electrical equipment has a significant number of diverse components. For example, a converter valve tower alone (Qi et al., 2015; He et al., 2019) will greatly increase the complexity of the overall model when modeled in accordance with the design drawings. This results in a sharp decrease in computational efficiency and poor fault tolerance. Finally, it should be stated that the trade-off between the calculation model accuracy and the computation cost is a widespread problem in the structural modeling of large offshore electrical platforms.
The model simplification problem of large and complex electrical equipment is similar to the modification of the parametric model, which is employed using following two steps (Friswell and Mottershead, 1995; Schedlinski, 2000): (1) an initial model with certain parameters is selected to be modified model, and the physical characteristic parameters having little effect on the vibration are ignored; (2) the modification process is implemented to make that the physical characteristic parameters of the structure coincide with the target parameters, and then the complex structure is simplified. The traditional approach is based on the incomplete degree-of-freedom vibration data for the existing actual structure (Hu et al., 2007). System matrices such as mass and stiffness matrices are obtained through polycondensation, order expansion, and similar techniques. This way it is possible to modify the finite element model (Baruch, 2012). The premise of this method is that the finite element model is relatively complete. On the other hand, if the initial model system matrices have excessively large differences, the number of iterative operations will greatly increase (Liu and Li, 2013), making it difficult to simplify the model. Moreover, this approach is not suitable for the simplification of complex electrical equipment.
With the emergence of machine learning methods, neural networks (Sadr et al., 2017), genetic algorithms (Jung and Kim, 2013), and response surface methods (Ren and Chen, 2010)0, those advanced methods were also applied within the field. However, they are restricted by the number of samples and the measured values; unreasonable input and output parameters will adversely affect the learning time and results, causing significant deviations in results (Guo, 2017).
Aiming at the large and complex electrical equipment represented by converter valves of offshore HVDC substations, and to ensure that the model meets the accuracy requirements, a simplified reference vibration model was established. Firstly, identical 3D scales model was obtained, which had rather similar natural vibration characteristics. Secondly, the test scheme was designed and the target data sample model was obtained. Next, the response surface of each target function was computed, and finally, the error of the target value was calculated to be below 5%. The error was obtained according to the evaluation principle for response surface and by comparing the vibration characteristics. Lastly, the structural simplification degree reached 95%, indicating that the method solves the contradiction between model complexity and computational accuracy. The method can simplify the complex electrical model in the overall offshore HVDC substation, and ensure refined modeling while improving computational accuracy and efficiency. Also, the method can contribute to the integrated design of equipment-structure, which can shorten the design cycle of offshore HVDC substation and ensure its safety.
MODEL SIMPLIFICATION BASED ON RESPONSE SURFACE METHOD
The response surface method is an important tool to simplify the complex system, which is based on the thought of statistical method and suitable to the situation that explicit relation between the objective function and design parameters is difficult to be obtained. In essence, the key of the response surface method is regression fitting of designed parameters and objective function, which mainly includes five design stages: empirical estimation, experimental design, sample calculation, response surface fitting, and model simplification (Fei et al., 2010). The analysis process is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Model simplification process using response surface method.
Response Surface Model
To simplify models of large and complex electrical equipment such as converter valves, the parameters of first-and second-order natural frequency, position of the gravity center, moment of inertia, displacement, acceleration should be special focused to ensure that the vibration characteristics of the structures and model are consistent, which can be labeled as the target functions, y1, y2, ..., ym. Correspondingly, design parameters that affect target functions include but are not limited to geometric dimensions, material properties, component layout, load distribution and constraint types are labeled as design factors, x1, x2, ..., xn. In this case, the second-order response surface model can be expressed as follows (Jing, 2011):
[image: image]
where αi is the undetermined coefficient to represent the linear effect of the design parameter xi, αij (i ≠ j) denotes the interaction between the design parameters xi and xj, αii (i = j) represents the second-order effect of the design parameter xi, and ε is the random error.
Experimental Design
For an objective function with whole second-order response surface, there are a total of (n+1) (n+2)/2 undetermined coefficients, and the accuracy of solution is direct relative to the sample capacity. Generally, in the early learning stages, vibration models with multiple design factor levels and initial structures are determined based on either the design or calculation experience. This allows carrying out the experimental design to obtain the sample results. However, a number of the additional design factors need to be considered when simplifying the converter valve model. The application of traditional full factorial design, central composite design and Box-Behnken design will lead to a huge experiment number, which is against to the sample results acquisition (Dougles, 2003). Therefore, the definitive screening design (DSD) will be applied in the process of model simplification (Jones and Nachtsheim, 2011). The method can achieve a good balance between the experimental scale and the selection of design factors, which removes the mixture of the interaction of the two-level design factor and the main effects. Moreover, the second-order effects of all the design factors can be considered.
When constructing the DSD experimental design, the final number of experimental designs is determined depending on the odevity of the number of design parameters. Based on the fundamental of DSD, an initial design factor is randomly generated. Each odd-numbered row has one and only one column equal to 0, and the other columns are 1 or −1. Simultaneously, each even-numbered row represents a folded design of the previous row, that is, its value is equal to each value in the previous row multiplied by -1. When n is an even number, the n × n congress matrix C is formed. Meanwhile, the congress matrix C dimension is (n+1)×(n+1), when n is an odd number. The diagonal elements of congress matrix are zero and the other elements are 1 or −1. In additional, the congress matrix, C, satisfies the relationship as follows:
[image: image]
where m is the dimension of the congress matrix, and I denotes the unit matrix.
Based on the description above, there need to be 2n + 1 times experiments when the number of design factors is even. When the number of design factors is odd, 2n + 3 times experiments should be employed. Taking the even number of design factors as an example, the DSD experimental design is shown in Table 1.
TABLE 1 | The DSD experimental design with n (n is an even number) design factors.
[image: Table 1]Response Surface Evaluation
After completing the experimental design, the sample calculation and regression analysis can be implemented based on finite element software or measured data to acquire the response surface of each target function. When the response surface is obtained, the evaluation and examination of the response surface should be employed. Generally, the statistical indicators are used to evaluate the fitting degree of selected test point data and to evaluate the significance response surface function.
The complex correlation coefficient R2 is commonly regarded as the evaluation index, which ranges from 0 to 1. When the coefficient is closer to 1, it is implied that the error influence is smaller, meaning that the regression calculation results will be more accurate. It should be noted that the larger R2 doesn’t mean the more accurate established response surface model, the evaluation should consider the number of design factors. For the same number of design factors, the larger R2corresponds to the better regression fitting. The complex correlation coefficient can be calculated using following formula:
[image: image]
where N denotes the number of experimental designs, yi is the standard value of objective function of finite element or measured data, [image: image] represents the estimated response surface value for the same design parameter value and experimental design, and [image: image] is the average value of objective function of finite element or measured data.
To consider the influence of the design factor number, the modified complex correlation coefficient, [image: image], is applied. When the number of design factors increasing, [image: image] will not necessarily increase. Therefore, the modified complex correlation coefficient can be used to compare the fitting degree of response surfaces with different numbers of design factors. The large difference between the [image: image] and R2 would indicate that there are irrelevant design factors in the response surface model.
[image: image]
For the response surface model and sample data obtained using regression fitting method, the estimated value of the response surface equation, [image: image], can be obtained based on the curved response surface model using the remainder data after deleting a set of experimental values [image: image]. The forecast error was defined as [image: image], and the total error can be calculated using following formula:
[image: image]
When the value of PRESS is close to 0, the fitting effect of the response surface is relatively good.
Model Simplification
For the simplified design physical parameters of the initial vibration model [image: image], the modified physical parameters, [image: image], can be obtained using inverse regression method based on the response surface equation and objective values. In general, the response surface equation estimated based on design factors and objective values does not have a unique solution, the set of solutions with the highest confidence should be selected when the model is simplified. In this case, the system matrix of the final simplified model can be expressed as:
[image: image]
where M0 and K0 are the mass and stiffness matrices of structure; αi and βi are the coefficients related to [image: image], their values are 0 at the unmodified element position, [image: image]; [image: image] and [image: image] are the element stiffness matrices of the simplified model; Ne is the number of simplified model elements; [image: image] and [image: image] are the simplified model mass and stiffness matrices, respectively.
Sample of Converter Valve Model
The converter valve is installed in the offshore HVDC substation, the size of single converter valve is 7.92 m × 4.16 m × 10.2 m. The bottom of converter valve is supported with insulating components, and the core electronic parts and components carry on the converter valve. For an offshore HVDC substation, there are more than 20 converter valves. The converter valve and associated finite element mesh are shown in Figure 2. The model of a single converter valve contains about 4700 nodes and 5100 elements, which need to be simplified for analysis.
[image: Figure 2]FIGURE 2 | Converter valve and mesh of finite element model.
Target Design Value
Based on the basic model simplification process of the response surface method combining with the design experience, the static and dynamic characteristics of the valve tower should be considered, which include the weight, center of gravity, moment of inertia, and first- and second-order natural frequencies of the valve tower. To simplify the vibrating model as soon as possible, a simple vibration model should be established as the initial iterative model in terms of design factors.
To minimize the number of design factors, the size of the design is consistent with the actual structure, and the material density of all elements are set as 1.0 kg/m3. The center of gravity and weight of the overall structure were adjusted by controlling the position and mass of particles, and. The center of gravity and the structure moment of inertia are adjusted by changing the position of barycenter of the structure, and the natural frequencies are controlled by adjusting the stiffness of braces in different directions. Finally, the design factors of the desired objective function are determined, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic diagram of the design factors.
Based on the objective parameters of initial vibrating system model, the decentration of xy plane of the structure is known by presupposing the eccentric mass points,. Symmetrically arranged mass points in the x and y directions were adjusted to control the moment of inertia change. The eccentric mass was set along the z-direction to reduce the range of center of gravity height, while the remaining mass points were set to fine-tune its height. The LX, LY, LZU, and LZD denote the distances from the mass points to the G point, GX, GY, GZU and GZD denote the control weight for moment of inertia in x, y, z directions. Finally, the target parameters of converter valve tower from a actual project are shown in Table 2.
TABLE 2 | Target design value of the converter valve.
[image: Table 2]The DSD Design Factors and Sample Computation
There are ten design factors are considered in this case. The range of design factors are listed in Table 3 according to the initial iterative model and design experience. Based on the DSD experimental design method, a total of 21 sets of design experiments are designed when n is an even number, and each design factor having three levels. The commercial software SACS (SACS User’s Manual, 2017) is applied to establish the finite element model of each set of design factors, and the experiment results can be obtained based on the computed sample results. The experimental design and sample calculation results are shown in Table 4, where Izz is 537.8 kN m4.
TABLE 3 | Value range of each design factor.
[image: Table 3]TABLE 4 | Experiment design and sample computational results.
[image: Table 4]SIMPLIFICATION OF CONVERTER VALVE MODEL
Response Surface Fitting and Evaluation
Taking the first-order natural frequency as an example, the fitting of response surface is employed by reducing the relative design factors at the objective values based on physical relationship. For a multiple degree of freedom structure, the natural frequencies are calculated using following formula (Clough, 1995):
[image: image]
where Φ denotes the modal vector and [image: image] is the natural frequency diagonal matrix of the sample model.
Base on Eq. (7), the design factors that influence the mass and stiffness are considered in the process of response surface fitting, that is, EY, EX, GX, GY, GZU, and GZD. Aiming to improve the fitting accuracy, a complete second-order response surface is evaluated in the first fitting, which contains a total of 27 items. Based on the variance analysis trial, we find that the complete quadratic effects among the EX2 and various mass points are unrelated to design parameters. When the p-values of EY GX, EY GZD, and EX GZD are larger than 0.05, the corresponding design factors are not the key design factors. After removing these terms, the fitting can be reemployed and the response surface equation can be obtained as follows:
[image: image]
When checking the response surface using Eqs. 3 and (4), the modified complex correlation coefficient and correlation coefficient can be obtained, which are [image: image], [image: image]. The values of the two coefficients are basically almost equal to 1, which shows that the response surface is very accurate. Meanwhile, the PRESS is calculated based on Eq. 5, which is equal to 0.0005. The result is close to 0, which means that the response surface has a high fitting degree. Taking the design factors EX and EY as the plane coordinate axes, the response surface graph of F1 was drawn, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Response surface curve of.[image: image].
Based on the same processes, the response surface curves of objective factor scan be solved one by one. Due to the Z-direction mass points distributed during the establishment of the initial vibration model, all the various design factors cannot directly affect the z-axis moment of inertia, so the target has no response surface curve. The error of [image: image] and [image: image] corresponding to each response surface are shown in Figure 5. The figure indicates that the two coefficients are close, and response surfaces have a good regression effect.
[image: Figure 5]FIGURE 5 | Error diagrams of [image: image] and.[image: image].
To further illustrate the prediction accuracy of the response surface, the 21 sets of experimental designs are implement regression fitting and the results will be compared with the computed values of the samples. The error of sample and predicted results is shown in Figure 6, which indicates that the errors of both the moments of inertia Ixx and Iyy are approximately 0. The largest error occurs in the response surface of the target function G, which is still less than 2.5%. The reason of the results is that the response surface only takes the mass of the mass point as the design factor, however, the position of the mass point is determined by the length of the rod component in the actual structure, and the variation in the mass of the rod itself is not counted by the response surface of the objective function. The result also reflects that the mass variation effect caused by the rod length is very small, which can be ignored in the process of simplifying the response surface model.
[image: Figure 6]FIGURE 6 | Error between sample and predicted results. Model simplification for the converter valve.
After obtaining the response surface model of objective functions with good evaluation, the design factors can be obtained using inverse regression based on the known objective functions and the response surface models. Because the coefficient matrix of equations is not full rank matrix, the fitted design factors of simplified model have not the unique solution. Based on the confidence level, the combination of design factors with the highest confidence is selected to simplify the vibration model. For this computation case, there are 12 design factor groups with the confidence close to 1, which are ranked from the high to low values and listed in Table 5. The first set of design factors is applied to simplify the model of vibrating system, and the simplified model is reconstructed.
TABLE 5 | Design factors with confidence close to one.
[image: Table 5]Implementing modal analysis to the simplified converter valve, the first two modes are shown as Figure 7. The first-order mode represents a translation vibration along the short side, and the second-order is a translation vibration along the long side of the converter valve, which are consistent with the original model. The final target results are listed in Table 6. It can be observed that the maximum absolute error amongst each objective value is only 3.36%, which indicates that the simplified vibration model has good accuracy. Moreover, the number of simplified pole units is only 177 and the number of nodes is 89, which shows that the degree of simplification is up to 96.5%.
[image: Figure 7]FIGURE 7 | Diagram of the first- and second-order modes of the simplified model.
TABLE 6 | Simplified vibration model error.
[image: Table 6]The reason for this result is that: based on engineering experience and the initial finite element model, the system matrix dimension could be simplified by the proposed method. And then, with the good response surface fitting, the highest confidence of simplified result is filtered out from the target values. Through the design factors regressing, the small scale characteristic matrix could be obtained, which correspond to the final simplified model. For offshore HVDC substation, the advantage of the process is that: it could ensure refinement of local model in global model as well as high computation efficiency of the global model.
CONCLUSION

1) Based on the response surface method, the converter valve vibration model of the offshore HVDC substation is simplified. The target value relative errors of physical parameters including the first- and second-order modal parameters were below 5%, while the simplification degree was over 95%.
2) When considering the second-order effects of design factors, the DSD experimental design greatly reduces the number of required sample model calculations. The correlation coefficients [image: image] and [image: image] of the fitted response surface are close to 1, which means that fitting error is small. The response surface PRESS value of each target value is about equal to 0, which indicates that the fitting effect is good.
3) Based on the dynamic relationship to screen design factors and use the fitting of the objective value using response surface, the regression efficiency and accuracy of response surface is improved. Meanwhile, the calculation error caused by the mass deviation due to the change of the rod length can be ignored.
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