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The compact internal structure of the bulb tubular turbine generator (BTTG) leads to poor ventilation and heat dissipation capability (VHDC). It will result in high-temperature faults and lead to losses for the hydro-power station, if the staff at the hydropower station fail to promptly regulate the external forced air cooling for effective heat dissipation. Thus, a specific and effective ventilation control strategy (VCS) is of utmost importance for the operation of the BTTG. In this study, the finite element method (FEM) was employed to solve the magnetic-flow-thermal coupled field of a 24-MW BTTG. The distribution characteristics of electromagnetic losses and their impact on the temperature field were revealed. Experimental validation was conducted to verify the effectiveness of the numerical results. The response surface methodology (RSM) was employed to design an experimental plan by building upon this foundation. Integrated with a multiobjective genetic algorithm (MOGA), an optimal relationship between ambient temperature, fan flow rate, and heating components’ temperature was established. This relationship serves as the optimized ventilation control strategy for the BTTG. This research provides a theoretical framework for the formulation of operational guidelines to ensure the safe operation of generators.
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1 INTRODUCTION
As the global energy demand continues to increase, high-head areas have largely been developed. The development of low-head areas and ultra-low-head areas for hydropower plant construction is becoming increasingly important (Ceran et al., 2020; Quaranta et al., 2022). The bulb tubular turbine generator (BTTG) with its compact structure is more suitable for rivers and small waterways. As China continues to invest in low-water hydropower plants, BTTGs have become an important focus in the search for clean renewable energy solutions (Liu et al., 2023).
However, the compact structure of the BTTG also reduces its ventilation and heat dissipation capability (VHDC). So far, overheating failures such as fuse of damper windings due to heat generation (Zhan et al., 2017; Gu et al., 2023) and ablation of the surface of magnet poles’ boots (Zhou et al., 2020) have occurred. To reduce the temperature inside the bulb body, cooling equipment is usually installed on the outside of the fixed rotor. However, most hydropower plants do not have a detailed forced-air cooling ventilation control strategy (VCS) at present, which will require manual real-time monitoring and control by workers. Fortunately, in the building of ventilation systems, many scholars have obtained a better VCS combined with numerical calculation software and algorithms. To solve the prediction accuracy and low speed dilemma of the rapid prediction model, Cao and Ren built an efficient online ventilation control strategy based on computational fluid dynamics (CFD) and low-dimensional linear artificial neural networks (Cao and Ren, 2018; Ren and Cao, 2020). Zhu developed an optimal VCS for heating, ventilation, and air conditioning (HVAC) systems based on Cao and Ren. Optimal selection for ventilation rates and supply air temperatures is shown in Faramarzi et al. (2021). Faramarzi and Afshin have studied four VCSs using CONTAM. The power consumption and energy efficiency under linear-DCV control were optimized (Xu et al., 2009). Xu proposed an optimal VCS based on cost function and the genetic algorithm (GA). The strategy balances fresh air in different areas of the building (Zhu et al., 2021b). The algorithm is helpful to the design of the VCS. However, there is less research on the external forced-air cooling VCS of compact generators. Therefore, with reference to the design of the internal VCS of the building, an FEM and optimization method are proposed to design the external forced-air cooling VCS of the generator.
As a common design optimization method, the response surface methodology (RSM) and GA have been widely used in biological, chemical, food, medical, and mechanical manufacturing fields. Especially in the process of motor structure design and performance optimization, Guazzelli et al. used the RSM and GA to design parameters and seek the optimal solution so that the motor performance is improved. The multi-objective genetic algorithm (MOGA) was applied to obtain model prediction torque control (MPTC) for variable speed drive of induction motor weighted factor. Finally, torque fluctuations, flux ripples, and average switching frequencies are reduced to a minimum (Guazzelli et al., 2019). Abunike et al. optimized switched magnetoresistive motors based on genetic polymerization response surfaces and MOGA. The optimized model has a higher efficiency distribution over a wide speed range (Abunike et al., 2022). Pellegrino and Cupertino performed rotor optimization designs of IPM motors over a wide speed range based on the finite element method (FEM) and MOGA and reduced harmonic and rotor core eddy current loss in torque pulsation (Pellegrino and Cupertino, 2010). Chakkarapani et al. improved motor efficiency and torque (Chakkarapani et al., 2019). Zhao et al., by using FEM and MOGA, optimized the permanent magnet design of the periodic-permanent magnet (PPM), which increases torque performance while reducing costs (Zhao et al., 2021).
According to the research progress, the FEM, RSM, and MOGA are used to design the external forced-air cooling VSC. The SFWG24-88/7820 generator was used as the research object. First, based on the FEM, the electromagnetic model and temperature field model are established and compared with the experiment, and the validity of the numerical calculation is proved. Second, the NSGA-II, combined with the RSM, provides a VCS that ensures that the generator temperature is suitable and integrates multiple factors, caused by additional coolers. The novelty of this study is to design the internal ventilation cooling strategy of the generator by means of magnetic flow–thermal coupling. This method can greatly improve the operation reliability of the BTTG and the economy of the hydropower station.
2 ESTABLISHMENT AND EXPERIMENTAL VALIDATION OF THE GENERATOR
The establishment of the generator’s temperature field requires solving the electromagnetic losses in the electromagnetic field first, by using them as heat sources to ensure the accuracy of thermal flow field calculations.
2.1 Establishment and experimental validation of the electromagnetic model
In this paper, the SFWG24-88/7820 generator is taken as the research subject, and the basic parameters of the generator are shown in Table 1. Based on its periodic structure, the generator can be divided into 22 periodic units, with one periodic unit taken as the research object. The two-dimensional transient electromagnetic field of the BTTG is described using vector magnetic potential Az. The transient electromagnetic field equations of the generator can be expressed as Eq. (1) (Qiu and Fan, 2018; Qiu et al., 2020):
[image: image]
TABLE 1 | Cooler design parameters.
[image: Table 1]where Ω is the solving region; μ is the magnetic conductivity; Jz is the z-axis component of the current density J; Az is the z-axis component of the vector magnetic potential A; σ is the electrical conductivity; Γ1 is an internal and external boundary condition; Γ2 is the periodic boundary condition that solves the region for 1/11. The two-dimensional electromagnetic field model of the generator is established by the FEM, and the distribution of the magnetic field under empty and rated load conditions is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Electromagnetic model and magnetic field characteristics of the generator.
From the magnetic flux density distribution in Figure 1, it can be observed that in both no-load and rated load conditions, due to the saturation magnetic density of the stator core material (50W270) being 1.7 T, the stator teeth exhibit magnetic over-saturation. Under no-load conditions, the magnetic flux density distribution of the main body of the magnetic poles is uneven, showing a significant gradient. Under rated load conditions, there is evident magnetic leakage between the rotor windings. These phenomena collectively affect the distribution of generator losses, thus exerting an influence on the distribution of the heat sources. To ensure the accuracy of the electromagnetic model, the obtained data are preprocessed and compared with experimental data, as shown in Figure 2. When the generator operates under both no-load and rated load conditions, the error between experimental data and FEM calculation data does not exceed 7%, confirming the validity of the FEM and of the numerical heat sources.
[image: image]
[image: Figure 2]FIGURE 2 | Comparison of experimental data and FEM results.
The energy conversion of the BTTG in operation can be summarized as Eq. 2 (Qiu, 2022), where PA is the mechanical power of the turbine which is finally imported into the generator shaft; pFe-s is the core-loss of the stator; pFe-r is the core-loss of the rotor core; pCu-r is the copper loss from windings of rotor flat copper buses; pCu-s is the copper loss form stator windings; The magnetic poles are made of a thin steel sheet, so the core-loss pFe-m will be produced. pEd-b is the eddy current loss as damper windings suppress speed oscillation. pM-l is the mechanical loss due to rotation and ventilation of rotating parts; PE is the final output power of the generator. The electromagnetic loss ratio of the empty and rated load conditions are calculated, as shown in Figure 3. Combined with the electromagnetic losses and geometric volume of the abovementioned heating components, the thermal source of unit volume can be obtained as the boundary condition for the thermal-flow field solution.
[image: Figure 3]FIGURE 3 | Electromagnetic loss ratio of the generator.
2.2 Establishment and experimental validation of the generator flow field and temperature field
The BTTG (24 MW) uses axial and radial closed ventilation cooling. The basic design parameters for the cooler are shown in Table 2. When the generator is running, the pressure generated by the rotor ribs will drive the air, which is in a complex flow state in the radial ventilation channel and air gap of the fixed rotor. At the same time, the original unreasonable structure of the generator caused a certain flow loss, which will affect the VHDC. Therefore, it is necessary to study the flow field of the BTTG and to redesign the unreasonable structure in the wind path. This work can provide theoretical guidance for optimal design of the ventilation cooling system of the BTTG.
TABLE 2 | Cooler design parameters.
[image: Table 2]The structure of the wind path is modeled according to its design drawings, as shown in Figure 4. Both the stator core and rotor core have radial ventilation vents. When the generator temperature exceeds the limit, the staff will enable the cooler. The cold air is blown by the fans into the position of the rotor ribs, axially from the upstream side through the ribs and then radially into the rotor radial vents, magnetic pole gap, air gap, and stator radial vents. Hot air flows axially from the gap between the stator and the inner wall of the chassis back to the cooler, is cooled by the low-temperature water in the cooler, and is again blown into the generator by fans. The cooler consist of six axial fans and cryogenic cooling water pipes, in which the six axial fans are mounted on the front rack of the main body at intervals of 60° along the circular direction. The upper-layer windings and lower-layer windings, the inside and outside of the stator core, the cooler’s inlet and outlet pipes, thrust tiles, etc., are all equipped with thermometers. These data can be passed to the upper computer, which monitors the staff in real time.
[image: Figure 4]FIGURE 4 | Generator structure and wind path.
Due to the periodic nature of the generator structure, the calculation of the 1/11 sector in the direction of the circle can not only save computing resources but also achieve accurate results. Because the generator is usually operated in rated load conditions, the heat sources of the generator are selected as the boundary condition to study the wind path structure. The following simplification and assumptions are made when modeling based on research objectives:
1) Due to the confidentiality of the design drawings of the generator, it is not possible to establish stator ventilation slot steel, and because it is not a research goal, we therefore ignore the effect of the ventilation slot steel on flow and temperature.
2) Ignoring the influence of stator end coil clamps and clamping plates on temperature field. At the same time, the stator windings’ end connection is simplified to ensure that the length of the end protrusion is consistent with the design drawing, but the same slot’s up and down windings are connected.
3) Assuming close fit between the heating parts, regardless of the effect of gap and insulation on heat transfer.
4) Because the generator speed is low, the air flow rate is much less than the speed of sound, so air is considered an incompressible gas. At the same time, the effect of buoyancy and gravity on fluid flow is ignored.
Considering the complexity and irregularity of the computational domains, all domains are discretized into polyhedral grids with fewer cells and higher mesh quality (Tritthart and Gutknecht, 2007). The independence of the grids is tested, where Tis represents the temperature inside the stator, Tlw is the temperature of the lower-layer windings, Tuw is the temperature of the upper-layer windings, and Tos denotes the temperature outside the stator. It is observed that with an increase in the number of grids, the temperatures of the stator core and stator windings gradually decrease and stabilize in the model, as shown in Figure 5. Considering the accuracy of numerical computations and computational costs, the final decision is made to have a total of 22.06 million polyhedral grids within the computational domains. In comparison to 25.42 million grids, this scheme yields a temperature variation rate of less than 3%, implying that the results are independent of grid quantity. The mesh partitioning method of this scheme is adopted for the models discussed in the subsequent sections.
[image: Figure 5]FIGURE 5 | Grid-independent test of the generator model.
This paper employs the FEM based on fluid-heat transfer theory to compute the flow field and temperature field of the generator. The FEM utilized in the flow field calculation satisfies the equations of mass conservation, momentum conservation, and energy conservation. Simultaneously, in the temperature field calculation, the three-dimensional heat transfer equations are applied at the interfaces between solid–solid and solid–fluid contact surfaces. The system of equations to be solved is depicted in Eq. 3 (Han et al., 2019; Liu et al., 2020; Han et al., 2021; Li et al., 2022).
[image: image]
where ρ is the density (kg/m3); t represents time (s); u signifies the velocity vector; u, v, and w correspondingly refer to the components in the x, y, and z directions (m/s), respectively; μ is the turbulent viscosity coefficient (kg/m ⋅s); P stands for fluid pressure (Pa); Su, Sv, and Sw denote the generalized source terms in the x, y, and z directions, respectively; T indicates temperature (°C); λ is the thermal conductivity (in W/(m ⋅K)); c represents specific heat capacity [J/(kg ⋅K)]; ST signifies the Joule power density obtained from finite element calculations (W/m3); λx, λy, and λz, respectively, stand for thermal conductivity coefficients in the x, y, and z directions; and qv denotes thermal density (W/m3).
Due to the presence of turbulence in the internal fluid flow of the generator, the SST k − ω model combines the accuracy of the k − ω model in predicting boundary layer behavior under high adverse pressure gradients with the stability of the k − ɛ model in the bulk flow, achieving a better balance between precision and stability Bulat and Bulat (2013); Lin et al. (2014). Therefore, the SST k − ω model provides an improved compromise between accuracy and stability. Moreover, the SST k − ω model exhibits good precision in coupled heat transfer computations (Dang et al., 2018; Tepe, 2021). SIMPLEC is a coherent and enhanced version of the SIMPLE algorithm, widely applicable for numerical simulation of steady state and transient state, turbulent fluid flow, and heat transfer (Van Doormaal and Raithby, 1984). Therefore, for the study of the flow field and temperature field within the generator, numerical simulations are conducted using the SST k − ω turbulent model and the SIMPLEC solution algorithm. This study investigates the steady equilibrium state of the internal fluid within the generator and the dynamic balanced heat transfer within the cooling system. In order to accurately determine the temperature field results, temperature data are collected through thermometers and used as boundary conditions (as shown in Table 3) for the calculations. By calculating the volume of the electromagnetic loss and the corresponding heating part, the heat yield of each part can be calculated, as shown in Figure 6. Damper windings have a heat yield of up to 15.7 kW, followed by stator windings and rotor windings with a heat yield of 46 kW. From the temperature distribution cloud map, it can be seen that because the damper winding and rotor winding are connected to the rotor core, but the rotor part is in a rotating state, the surface air velocity is larger, so the rotor part has a low-temperature region. In addition, the stator winding is partially stationary and the temperature is generally higher. The electromagnetic loss distribution of the generator is accurately analyzed by means of the magnetic current thermal coupling field.
TABLE 3 | Boundary condition setting parameters.
[image: Table 3][image: Figure 6]FIGURE 6 | Heat yield and temperature distribution of the generator.
The operational data of the Chaijiaxia No.1 generator over a 24-h period are analyzed, as depicted in Figure 7. During the time intervals of 1 AM to 2 AM and 10 AM to 11 AM, the active power output of the generator approaches its rated operational power of 24 MW, indicating that the generator is in a stable rated operational state. By comparing the measured data from this period with the numerical simulation results, a maximum error of 17.2% between the numerical model and experimental outcomes is observed, affirming the validity of the thermal flow field model. Consequently, this model is employed for the subsequent structural redesign numerical simulations.
[image: Figure 7]FIGURE 7 | Generator 24-h power and temperature variation data.
3 DESIGN OF THE EXTERNAL FORCED-AIR COOLING VCS UNDER DIFFERENT AMBIENT TEMPERATURES BASED ON THE RSM AND MOGA
In this section, a comprehensive framework is constructed to determine the optimal external forced-air cooling VCS within the generator. The complete process diagram of the proposed optimal control strategy is shown in Figure 8. From the process diagram, it can be observed that the generation of the optimal ventilation control strategy involves three modules: initialization design, construction and assessment of the RSM, and multiobjective optimization based on the MOGA. First, design variables and objectives are defined, and experimental points are designed using the two-factor experimental method, followed by numerical computations. Second, based on the numerical computation results, an RSM model with a high degree of fitting is selected, and validation points are generated to verify the RSM. Furthermore, the region with relatively large errors in the RSM is identified, and optimization points are generated to enrich the dataset. Finally, by using the MOGA, the adjusted RSM model is employed to generate the optimal solution, leading to the determination of the Pareto set for different ambient temperatures.
[image: Figure 8]FIGURE 8 | Process diagram for the optimal VCS formulation based on the RSM.
3.1 Initial experimental design plan
Due to variations in latitude and the changing temperatures across seasons, the water temperature will differ, thereby affecting the temperature of the water where the generator is situated. The cooling water for the generator’s cooling system is typically sourced directly or indirectly from the river, and variations in temperature are likely to influence the temperature rise within the generator’s internal components. Relevant hydrological information for Gansu’s Liujiaxia Reservoir, Sichuan’s Jinping Hydroelectric Station, and Hainan’s Songtao Reservoir was obtained according to Qing Fang and Ma (2020); Zhang (2020); Wang (2021). Monthly and seasonal average water temperatures at the same depth for different water bodies, located at the center position of the BTTG studied in this paper, were compiled, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Monthly and seasonal average air temperatures for three regions.
Since the research objective is influenced by only two factors: ambient temperature Tenv and the number of cooling fans activated Nf, a two-factor experimental design method was employed for the experimental setup. Considering the seasonal average temperature capable of representing year-round temperature variations, the design range for ambient temperature variation was determined as 5°C–25°C, with a sampling interval of 5°C. Simultaneously, based on the conversion of each fan’s flow rate, the number of fans activated Nf, and the equivalent conversion of the fans’ inlet area into an inlet velocity vfan, the design range for velocity variation was established as 0 to 11.29 m/s, with a sampling interval of 2.82 m/s. The specific experimental design scheme is presented in Table 4.
TABLE 4 | Design parameters and results of the two-factor design experiment.
[image: Table 4]3.2 Establishment and evaluation of RSM
In this study, the FEM was employed to compute the flow field and temperature field of the model and compute the numerical values at various temperature measurement points, resulting in corresponding response values. To represent the relationship between design variables and response variables, polynomial regression equations of different orders in the form of the Scheffe linear mixture models can be used to describe this relationship, including linear (first-order) expressions (Eq. 4), quadratic (second-order) expressions (Eq. 5), and cubic (third-order) expressions (Eq. 6) (Piepel et al., 2002).
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where [image: image] is the response variable, βi is the single variable regression coefficient, βij is the regression coefficient of the product terms of two variables, and βijk is the coefficient of the regression coefficient of the product terms of two or three variables. xi, xj, and xk represent three different design variables, with different combinations for different orders. Because of the difference in order, the surface has certain advantages and disadvantages for the data fit, so the RSM needs to be described by error analysis to select the polynomial of the appropriate order. The evaluation of surfaces through the following five criteria (Pathania et al., 2017; Zhao et al., 2020; Zhu et al., 2021a; Nouvellet et al., 2021; Pei et al., 2021) will result in a more comprehensive evaluation.
1) Std Dev. is the standard deviation. This value measures the dispersion of a set of data or random variables. For a dataset [image: image] containing n data points, its mathematical expression is shown in Eq. 7.
[image: image]
where xi represents the value of the i data point and [image: image] is the mean of the dataset and can be calculated by [image: image].
2) R2 is called the determinant coefficient and is a measure of how well the regression model fits the sample data. The closer R2 is to 1, the better the model fits, and the higher the interpretation of the explanatory variables. Its definition is shown in Eq. 8.
[image: image]
where SSresidual is the sum of squares of residuals, representing the error between the regression model fit and the actual observations; SSmodel is the sum of total squares, indicating the error between the sample data and the overall mean.
3) adj.R2 is an adjusted determinant used to measure how well the regression model fits the sample data. Its mathematical expression is shown in Eq. 9.
[image: image]
where dfresidual is the degree of residual freedom, representing the number of valid observations used in the model minus the estimated number of model parameters and dfmodel is the degree of freedom of the model, representing the number of model parameters.
4) pred.R2 is a predictive determinant used to measure the ability of a regression model to predict unknown data. Its mathematical expression is shown in Eq. 10.
[image: image]
where PRESS is the prediction error and sum of squares to measure the prediction error of the regression model to unknown data.
5) Adeq Precision is used to determine whether the predictive capability of the regression model is sufficiently accurate, as shown in Eq. 11.
[image: image]
Measurement of temperature by observation: inside stator temperature (Tis), lower winding temperature, (Tlw) the upper winding temperature (Tuw), and outside stator temperature (Tos). The distribution trends of the four RSMs are found to be basically consistent, and the reliability and error analysis of different order polynomials is shown in Table 5. According to the above five evaluation indexes and corresponding appropriate value intervals, it is found that the second-order regression equation and the third-order regression equation both meet the requirements of the evaluation interval, with better correlation, applicability, and high accuracy.
TABLE 5 | Analysis of fitting error of polynomial in different orders.
[image: Table 5]When building an RSM model, it is usually the nonlinear response problem that is characterized as a nonlinear curve or surface throughout the coordinate space Non-probabilistic reliability analysis focuses more on the response relationship within the design interval and less on the response relationship outside the interval Pengya Fang and Wen (2020). The overall interval boundary point needs to be inserted as an optimization point for encrypting RSM data. The optimized RSM is shown in Figure 10. The degree to which the surface fits is known, the first-order linear model is in an underfitting state, and the points above and below the surface are far from the surface, which does not accurately reflect the distribution trend of the sample points. There is a situation of overfitting in the third-order model. Although the experimental points are basically on the surface, the nonlinearity of the surface is too high to reflect the distribution trend of the sample points. Second-order model surfaces reflect the distribution trend of temperature according to the smoother experimental points, so they can be used in the formulation of an optimal ventilation strategy.
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[image: Figure 10]FIGURE 10 | RSMs with different order fits. (A) Linear RSM Model. (B) Quadratic RSM Model. (C) Cubic RSM Model.
Based on the results of the analysis, the RSM of the three optimization targets is adjusted locally to make the model more streamlined by removing some of the non-significant items in the polynomials. Second-order fitting regression equations for Nf, Tis, Tos, Tlw, and Tuw are given as Eqs 12–15. By observing the expression of the function, it was found that the coefficient is highly consistent with the form of the argument. The second-order nonlinear relation among ambient temperature, wind speed, and the temperature of the heating component is given in the equations. The second-order term of ambient temperature and the first-order term of wind speed are negatively correlated with the temperature of the heating component. The second-order term of wind speed, the intersection of ambient temperature and wind speed, the first-order term of ambient temperature, and the constant term are positively related to the temperature of the heating parts. Based on the function relation obtained, the theoretical basis for the establishment of the latter mathematical model is provided.
3.3 Determination of the ventilation control strategy based on the MOGA
Each solution is treated as an individual in GAs. For each solution, encode it and create a chromosome. Chromosomes undergo an adaptive iteration process and converge to the genetic code that is best suited to survival, which is the best solution to the problem (Guazzelli et al., 2019). However, traditional GAs area search method that does not consider the interaction between design variables, hence susceptible to local optimization (Zhao et al., 2021). The MOGA is a multi-objective optimization problem (MOP) and GA composition. The MOGA is a multi-objective optimization method using Pareto sorting that generates a series of Pareto optimizations based on specific requirements. The MOGA is a more efficient and accessible global optimization than the GA.
MOGAs are commonly used for engineering optimization problems, and different types of MOGAs vary in terms of calculation volume, spatial search coverage, and convergence ability. Among them, the non-dominant sequencing genetic algorithm (NSGA-II) is valued for its better performance in terms of convergence and diversity metrics (Guazzelli et al., 2019). It also creates a random population cluster within the required interval, in which each individual represents a possible solution to the problem. If several parameters need to be optimized, each individual represents a single parameter vector, optimizing the desired parameters simultaneously, as shown in Figure 11. In the iterative genetic process, new individuals are obtained by crossing (maintaining population size and ensuring that new individuals will share the desired quality of their parents), mutations (inserting genetic diversity in the population to avoid local maximums), and screening. Each individual’s multi-objective function is then evaluated, the solution is divided into non-dominant classes, and ranking values are assigned to each class. Choose all solutions for the highest ranked classes to multiply. Select some of the subsequent classes based on the criteria of the elite strategy. The process is repeated until the maximum algebra is set. Finally, it returns the most adaptable individual, which corresponds to the best solution of the problem.
[image: Figure 11]FIGURE 11 | Schematic map of NSGA-II.
At present, the hydropower station in the BTTG set inside the external forced-air cooling for heat dissipation and hydropower station stipulated windings, and stator core operating temperature is about 55°C. However, in order to save plant electricity consumption, we ensure the monitored stator core temperature and stator winding temperature do not exceed the operating temperature specified in the operating protocol of 80°C. Only the flow of cooling water in the cooler is adjusted. The generator’s interior is cooled by natural cooling. When the temperature exceeds 80°C, three fans at equal intervals are activated to dissipate the heat. If the temperature continues to increase, six fans are turned on. If the temperature continues to increase, the load on the generator will need to be reduced, and downtime will be required in severe cases. It can be seen that the control strategy of the power station for the fans is relatively simple, and the research has found that the power station in other areas has no good external forced-air cooling VCS. Combined with practical engineering experience, a complete ventilation control strategy needs to consider the following two points:
(1) The opening of fewer fans causes the heat of the heating parts to not be lost in time, thus exceeding the insulation temperature of the components, causing a short-circuit or a fire.
(2) Turn on excessive wind opportunities, resulting in increased power consumption and loss of fan durability. In addition, the temperature difference between the cold air and the heating components causes the formation of a condensate to damage the insulation, causing short-circuits in severe cases.
Quantify the above conditions and ambient temperature as a filtering condition, as shown in Eq. 16. Find the best solution with NSGA-II.
[image: image]
Set the initial population size to 2000, with 400 iterations per time, and set the maximum number of iterations to 20. The entire optimization result generation process is completed in 22 s, while a numerical software-based single-parameter model solving typically takes around 7 h, indicating significant time savings from the MOGA method compared to FEM parameter optimization. At a given temperature, the algorithm gives an optimal set of set optimization goals with better convergence and diversity. Select the point with the smallest error in the optimal set to count the number of blowers that need to be turned on at different ambient temperatures, as shown in Table 6. The number of fans that need to turned on at different ambient temperatures can be obtained, which is the optimal ventilation control strategy.
TABLE 6 | Results of the optimal ventilation control strategy.
[image: Table 6]4 CONCLUSION
The results of electromagnetic characteristics and temperature field of the generator are obtained by the FEM and validated by experiments. The relationship between ambient temperatures and fans’ flow rate is obtained by means of the RSM and MOGA. The optimal control strategy for external forced-air cooling of the BTTG is obtained.
(1) There is a difference between the electromagnetic characteristics and loss distribution of the generator under the condition of no-load and rated-load. Under the no-load condition, the magnetic density distribution of the rotor magnetic pole body is uneven and stator tooth are also oversaturated. Under the rated-load condition, the stator tooth are also oversaturated, but the magnetic density distribution of the rotor magnetic pole body is uniform. There are obvious magnetic leakage phenomena between rotor magnetic poles. In addition, since the generator reacts for the demagnetic armature, the rated-load condition reduces the stator core loss by 10.6% and the rotor copper consumption by 8.3%. The error between the experiment and the numerical calculation of the coupling field satisfies the requirement of validity. The electromagnetic characteristics of the generator can be obtained by the establishment of the electromagnetic model, and the heat source distribution results are provided for the establishment of the temperature field.
(2) The second-order polynomial RSM was obtained by a two-factor design experiment, and the optimal solution was obtained using the NSGA-II algorithm. The temperature of the monitoring point can be expressed using second-order polynomials with ambient temperature and flow rate of fans, and the form is consistent. In order to keep the internal temperature of the generator in a suitable range, the Pareto solution under restricted conditions can be obtained quickly by using the NSGA-II algorithm compared to the finite element method. Then, according to the solution of air volume equivalent, the corresponding number of fan openings is calculated to get the optimal ventilation control strategy. In the future, the multi-objective optimization algorithm can be used to establish a more detailed operation scheme for the ventilation control strategy by combining numerical calculation and real monitoring data. This operating solution keeps the generator inside at a suitable temperature range, saves electricity consumption at the power plant, and prevents condensate formation.
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