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Abstract

:

A tuned mass damper (TMD) was developed for mitigating the seismic responses of electrical equipment inside nuclear power plants (NPPs), in particular, the response of an electrical cabinet. A shaking table test was performed, and the frequency and damping ratio were extracted, to confirm the dynamics of the cabinet. Electrical cabinets with and without TMDs were modeled while using SAP2000 software (Version 20, Computers and Structures, NY, USA) that was based on the results. TMDs were designed while using an optimization method and the equations of Den Hartog, Warburton, and Sadek. The numerical models were verified while using the shaking table test results. A sinusoidal sweep wave was applied as input to identify the vibration characteristics of the electrical cabinet over a wide frequency range. Applying various seismic loads that were adjusted to meet the RG 1.60 design response spectrum of 0.3 g then validated the control performance of the TMD. The minimum and maximum response spectrum reduction rates of the designed TMDs were 44.7% and 62.9%, respectively. Further, the amplification factor of the electrical cabinet with the TMD was decreased by 53%, on average, with the proposed optimization method. In conclusion, TMDs can be considered to be an effective way of enhancing the seismic performance of the electrical equipment inside NPPs.
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1. Introduction


Containment inside nuclear power plants (NPPs) is necessary for safety, because of the large ripple effects that can occur when NPPs are damaged by external forces, such as earthquakes. Such facilities also include large amounts of safety-related equipment that should maintain their unique functions in the event of a serious accident. The core is affected if an earthquake damages the electrical equipment inside an NPP, and the containment might incur fatal harm as a result. Many electrical control devices, such as cabinet-type equipment, are installed and operated in NPPs. Before installing an electrical cabinet, it should be seismically qualified at such a level that it can maintain its performance in terms of vibration at the designed earthquake level. Therefore, such facilities require careful attention in the design stage and their safety should be reviewed during operation.



The recent earthquakes of magnitudes that are greater than 5.0 in Korea in 2016 and 2017 emphasized the need for seismic performance improvement of the safety-related equipment in NPPs. Seismic reinforcement is required for devices that do not satisfy the seismic performance requirements in the existing NPPs. To this end, nonlinear seismic analyses have been actively performed, including probabilistic fragility analysis of NPP cabinets and the uncertain behavior of NPP cabinets in severe earthquakes [1,2].



NPP cabinets may be seismically reinforced in three ways: by using seismic restraints, a seismic isolation system, or a vibration control device. First, seismic restraints fix the bottom or top of the cabinet while using strut bolts or external angled brackets [3]. Second, a seismic isolation system prevents the seismic force from the floor from being transmitted to the superstructure while using a friction pendulum system (FPS). Kim et al. [4] attempted to introduce an FPS to improve the seismic performance of the main control room of an NPP and showed that the acceleration of the superstructure was reduced, by performing a shaking table test. Kim et al. [5] demonstrated the feasibility of applying a FPS to the main control room of an NPP while using a shaking table test and the numerical method. Jeon et al. [6] developed a cone-type friction pendulum bearing system (CFPBS) to prevent damage to communication equipment during an earthquake and validated the performance of the CFPBS through numerical analysis and a shaking table test. However, the FPS performance differs, depending on the frictional force and frictional force change. The friction coefficient should be determined based on the expected peak ground acceleration (PGA). Another study indicated that low friction forces might require additional dampers for displacement control [4]. Cho et al. [7] performed a shaking table test for a telecommunication facility while using a linear motion guide and spring isolation table and demonstrated the response acceleration reduction effect.



Third, special systems may be installed in a cabinet to improve its seismic performance. This type of system consists of an additional mass, damping, and stiffness. Subsequently, the vibration energy of the cabinet is absorbed through the vibration of the additional mass. One such system is a tuned mass damper (TMD), and many researchers have proposed optimization methods for designing TMDs. One optimization method for designing a TMD was proposed for a single degree of freedom subject to harmonic vibration by Den Hartog [8]. After that, Warburton [9] proposed an optimum frequency and optimal damping ratio of a TMD for random vibration. Since then, TMDs have been studied as a means of attenuating the vibrations of structures against wind or earthquakes [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30]. Abdulsalam et al. [15] compared the seismic responses to 18 seismic loads when TMDs that were designed using the equations of Den Hartog, Warburton, and Sadek were applied to a single-degree-of-freedom structure. Domizio et al. [16] demonstrated the vibration reduction effect while using a TMD on a four-story steel frame against strong earthquakes. Rahman et al. [17] proposed a method of using building walls as the mass of a TMD to reduce the vibrations in building structures during earthquakes. Salvi et al. [18] studied the effects of the soil–structure interaction on the low and high frequencies of multi-story frame structures. In addition, Elias et al. [19] investigated the effectiveness of multi-mode control while using multiple tuned mass dampers (MTMD) [20,21,22,23,24]. Lu et al. [25] and Elias et al. [26] proposed optimal TMD design methods to reduce the dynamic displacement of a nonlinear building under unknown earthquake excitations. Nakai et al. [27] developed a large TMD for counteracting the effects of long-period earthquakes in an existing high-rise building. Chang et al. [28] proposed the stockbridge damper as a method of reducing the vibration of the pipe system inside an NPP and analytically showed the acceleration reduction effect on the pipe during earthquakes. Jiang et al. [29] proposed a pounding tuned mass damper and then showed the vibration suppression of a submerged cylindrical pipe in an experiment. Tan et al. [30] compared the vibration mitigation performance of TMD and PTMD against the suspended piping system through experiments. Jiang et al. [31] proposed a TMD while using friction between the ball bearing and the shaft and compared the simulation and experimental results. Kwag et al. [32] studied the effects of using multiple TMDs to improve the seismic performance of a nuclear piping system that was subjected to an earthquake load. Recently, Fabrizio et al. [33] analyzed the seismic response while using the spectrum of mean gain maps with respect to the FPS and TMD of the frame structure. No research has been conducted on installing a TMD in an electrical cabinet, which is an important piece of electronic equipment inside an NPP, although there have been many studies on the development and application of TMDs to reduce the seismic responses of structures.



In this study, a TMD is proposed as a means of mitigating the seismic response of an electrical cabinet inside an NPP. A shaking table test was performed, and the natural frequency and damping ratio of the cabinet were extracted, to confirm the dynamic characteristics of the electrical cabinet. Electrical cabinets with and without TMDs were modeled while using SAP2000 software based on the shaking table test results [34]. An optimization method and the equations that were proposed by Den Hartog, Warburton, and Sadek were used to design TMDs. The results of eigenvalue analysis of an objective cabinet were used for the TMD. A sinusoidal sweep wave was used as input motion at the base to identify the vibration characteristics of the electrical cabinet over a wide frequency range. Seismic loads corresponding to seven input floor accelerations adjusted to meet the design response spectrum (DRS) were used to confirm the control effects of the TMD during earthquakes [35]. The acceleration reduction performances of the TMDs designed while using the different optimization methods were compared in terms of the response spectrum and amplification factor (AF).




2. Numerical Modeling of Electrical Cabinet


2.1. Description of the Electrical Cabinet


An NPP contains numerous electrical cabinet facilities of various sizes and masses. It is necessary to conduct a shaking table test, in which the acceleration limit of the electrical cabinet facility is determined based on whether or not the internal electrical device retains its functionality, to confirm the dynamic characteristics and seismic performance of an electrical cabinet facility inside an NPP. The shaking table test is performed while using input motion for the floor response spectrum (FRS) of the NPP. The acceleration limit is then determined by comparing the capacity and demand of the device. However, it is practically impossible to perform a shaking table test of an electrical cabinet facility during NPP operation. Therefore, the seismic performances of NPP electrical cabinets are mainly evaluated while using numerical methods. If a seismic standard is upgraded due to a large earthquake, the seismic performance of the existing equipment might not satisfy the new standard for cabinets with the existing seismic design. Such equipment requires the seismic reinforcement. The objective of this study was to investigate whether a TMD that is optimally designed for seismic loads can reduce the vibration acceleration of an electrical cabinet.



Figure 1 shows the entire procedure of the proposed technique and application of the TMD in this study. A shaking table test was performed to confirm the dynamic characteristics of an actual cabinet. The natural frequency and damping ratio of the electrical cabinet that were derived from the shaking table test were utilized for input and verification of the numerical model. The numerical model of the electrical cabinet was designed using SAP2000 software. Eigenvalue analysis was performed to confirm the natural frequency and eigenvectors of the electrical cabinet for the design of the TMD. TMDs were designed for application to electrical cabinets while using the Den Hartog, Warburton, and Sadek equations and an optimization method. The TMDs that were designed through optimal design techniques were applied to the numerical model of an electrical cabinet while using SAP2000 software. Finally, the seismic performances of the TMDs were analyzed by applying a sinusoidal sweep wave and seven input floor accelerations adjusted by the DRS.



Figure 2 shows the dimensions, external shape, and finite element model of the electrical cabinet that was used to confirm its acceleration response during an earthquake. The target cabinet in this study is the same as those used in NPPs. The dimensions of the electrical cabinet were 0.8 m × 0.8 m × 2.1 m and the total mass was 259 kg. The electrical cabinet was modeled while using beams and plates (see Figure 2c). The base of the electrical cabinet was restrained using eight connections. Table 1 lists the material properties of the electrical cabinet.




2.2. Shaking Table Test of the Electrical Cabinet


In this study, a shaking table test was performed to identify the dynamic characteristics of the electrical cabinet. Figure 3a shows the test setup and sensor locations and Figure 3b shows the shaking table facility. The accelerometer was a 393B04 model [36] that could measure acceleration in the 5 g range in one direction. The dimensions of the shaking table were 1.0 m × 1.0 m in width and height, and it could be excited in the frequency range of 0.5–50 Hz, with an acceleration of 3 g for a 500 kg specimen (excitation force = 14.7 kN).



Figure 4 shows the transfer function of the acceleration responses that were obtained from the shaking table test. Table 2 summarizes the dynamic test results. The damping ratio derived from the shaking table test was used to update the numerical model and for seismic analysis of the electrical cabinet in the SAP2000 software. In addition, the natural frequency derived from the shaking table test was used to verify the numerical model.




2.3. Eigenvalue Analysis


The dynamic properties of the electrical cabinet were derived from eigenvalue analysis while using SAP2000 software. One-hundred modes were calculated in the eigenvalue analysis. At this time, the modal participating mass ratios became about 95%. Figure 5 shows the first through third mode shapes of the electrical cabinet. In Figure 5a,b,d, the white dotted lines represent the vibrations of only the walls of the electrical cabinet. That is, only the third mode displays global behavior, while the remaining modes represent the local behavior. Therefore, the third mode was selected to be controlled by the TMD. The frequency for control mode in the numerical analysis was about 15.13 Hz and the modal mass was calculated while using the following equation:


  m o d a l   m a s s =   ∑   i = 1  n   m i  ×  δ  i j  2  ,  



(1)




where  n  is the number of nodes,    m i    is the mass of the  i -th node, and    δ  i j     is an eigenvector of the  i -th node of the  j -th mode. The maximum value of  δ  at the top of the electrical cabinet was normalized to 1. The calculated modal mass was 133 kg for the third mode. Reflecting on the results of the shaking table test, a structural damping of 2.16% was selected for the seismic analysis. Table 3 shows the dynamic properties of the electrical cabinet.




2.4. Optimum Design of TMD


The design variables of the TMD are functions of the mass ratio. Den Hartog [8], Warburton [9], and Sadek [37] proposed the optimum frequency ratios (   f  o p t    ) and optimal damping ratios (   ξ  o p t    ) of the TMD for random vibrations, which are expressed in Table 4.



Here,  μ  is the mass ratio of the TMD,    f  o p t     is the optimal frequency ratio, and    ξ  o p t     is the optimal damping ratio.  β  in the Sadek equation is the damping ratio of the electrical cabinet.



In addition to the above three equations, the optimal TMD parameters were calculated while using an equation of motion with two degrees of freedom for an electrical cabinet with a TMD. Figure 6 shows a block diagram of the objective function of the optimization problem. “Plant” means the electrical cabinet with the TMD. “In” and “Out” refer to the seismic load and the response of the electrical cabinet, respectively. The optimization problem is defined as the problem of minimizing the frequency response function (FRF) by changing the input parameters    f  o p t     and    ξ  o p t    .



The equation of motion of the electrical cabinet with the TMD subjected to an earthquake can be expressed as


  M  x ¨   t  + C  x ˙  ( t ) + K x ( t ) = F  t  ,  



(2)




where


  M    =           m c     0     0     m t        ,   C    =           c c  +  c t      −  c t        −  c t       c t        ,   K    =           k c  +  k t      −  k t        −  k t       k t         



(3)






    F =       −  m c     x ¨   g   t        −  m t     x ¨   g   t         ,    x    =           x c   t         x t   t        ,  



(4)




where  M ,  C , and  K  are matrices of the mass, damping, and stiffness of the electrical cabinet system with the TMD, respectively;    m c   ,    c c   , and    k c    are mass, damping, and stiffness of the electrical cabinet, respectively;    m t   ,    c t   , and    k t    are the mass, damping, and stiffness of the TMD, respectively;      x ¨   g   t    is the ground acceleration;    x c   t    is the displacement of the electrical cabinet; and,    x t   t    is the displacement of the TMD. The stiffness of the electrical cabinet was calculated while using the third frequency and modal mass of the electrical cabinet in Table 3. The damping and stiffness of the electrical cabinet can be calculated using the following equations:


   c c  = 2  ξ c    2 π  f c     m c   



(5)






   k c  = 2 π  f c 2   m c  ,  



(6)




where    ξ c   ,    f c   , and    m c    are the damping ratio (2.16%), natural frequency (15.13 Hz), and modal mass (133 kg) of the electrical cabinet, respectively. Therefore, the calculated stiffness and damping are 1.2 × 106 N/m and 546 N∙s/m, respectively. Figure 7 shows the TMD that was installed above the electrical cabinet and the idealized two-degree-of-freedom model for the above equation of motion.



As shown in Table 4, the parameters of the TMD are the frequency and damping ratios, and these parameters were set as the boundary conditions for solving the optimization problem. The frequency ratio ranges from 0.6 to 1.3 and the damping ratio ranges from 1% to 30%.



A sinusoidal sweep wave was used as the ground acceleration in the equation of motion. The maximum acceleration magnitude of the sinusoidal sweep wave was 0.01   m /  s 2    and the frequency range was 0.1–250 Hz. The objective function was defined as in Equation (7) to minimize the peak of the FRF for the input acceleration and the acceleration response of the electrical cabinet:


  min   H 1 =  G  x y   /  G  x x   ,  



(7)




where   H 1   is the FRF;    G  x y     and    G  x x     are the cross-spectra between the input and output and the auto spectra of the input and output, respectively; and,  x  and  y  are the input acceleration and acceleration response of the cabinet, respectively.



Figure 8 shows the FRFs before and after optimization obtained while using Equation (2) when the sinusoidal sweep wave was applied. Figure 9 presents the 3D plot of the FRF peaks, depending on the frequency and damping ratios. The red star in the figure represents the optimal point for minimizing the peak in the FRF. The optimum frequency and damping ratios are 0.874% and 18.9%, respectively. The numerical analysis of the equation of motion was simulated while using Matlab and Optimtool of MathWorks [38]. Table 5 shows the parameters of the TMD that were suggested by Den Hartog, Warburton, and Sadek and those of the proposed optimization method. Here, the damping ratio of the cabinet was identified by the experiment to 2.16% and the mass ratio of the TMD was set 7.5% to increase the cabinet’s target damping ratio to 12%.



Multiple simulations are necessary through trial and error to obtain sufficient results, although the TMD is designed with the equations in Table 4. However, since the proposed optimization method already performs this execution error automatically in the optimization process, which reduces the time and effort of personnel.




2.5. Numerical Model of the Electrical Cabinet


Figure 10a,b show the numerical models of the electrical cabinet without and with the TMD. In Figure 10b, the green line in a dotted circle represents the TMD. The TMD and cabinet were modeled while using SAP2000 software. A two-point link was used to model the TMD. The initial point was attached to the top of the electrical cabinet. The mass of the TMD was added to the endpoint. The stiffness of the link, damping coefficient, and mass were applied while using the TMD design parameters in Table 5.





3. Base Excitation


3.1. Sinusoidal Sweep Wave


The sinusoidal sweep wave was used to confirm the response properties of the electrical cabinet according to the frequency range and vibration control performance of the TMD. Figure 11 shows the time history of the sinusoidal sweep wave and its fast Fourier transform (FFT). The maximum acceleration magnitude of the sinusoidal sweep wave is 0.01   m /  s 2   , and the frequency range is 0.1–250 Hz.




3.2. Floor Acceleration for Seismic Loads


Seven sets of floor accelerations were created that were compatible with the regulatory guide (RG) 1.60 design spectrum of 0.3 g PGA for seismic analysis of the electrical cabinet [39]. Figure 12 shows the seven generated response spectra and DRS.



Seven sets of input floor accelerations were used to verify the vibration reduction performance and applicability of the TMD for the electrical cabinet. Figure 13, Figure 14, Figure 15, Figure 16, Figure 17, Figure 18 and Figure 19 show the time history and response spectrum of the floor acceleration for each of the seven seismic loads, and Table 6 summarizes the characteristics of each floor acceleration.





4. Results and Discussion


4.1. Acceleration Response of the Electrical Cabinet Under a Sinusoidal Sweep Wave


A sinusoidal sweep wave was used for the excitation of the electrical cabinet facility in this research for the following reasons:




	1.

	
to confirm the frequency characteristics of the electrical cabinet before and after the installation of the TMD, and




	2.

	
to investigate the reduction in the acceleration response.









Figure 20 shows the time history graph and response spectrum of the acceleration on the top of the electrical cabinet due to the sinusoidal sweep wave. The red dotted line represents the acceleration response of the electrical cabinet without the TMD. The cyan, blue, black, and magenta lines represent the acceleration responses of the electrical cabinet by the TMDs that are designed while using the Den Hartog, Warburton, and Sadek equations and proposed optimization, respectively. The maximum acceleration response of the electrical cabinet without the TMD is 0.92 m/s2, and those of the controlled acceleration peaks are 0.55–0.64 m/s2 (see Figure 20a). The rate of acceleration decrease due to TMD installation is 30–40%. The acceleration response of the electrical cabinet without the TMD shows a peak of 0.474  g  at about 15.0 Hz, but the peaks of the acceleration responses of the electrical cabinets with the TMDs show peaks of 0.272–0.299  g  (Figure 20b). The peak reduction rate of the response spectrum due to TMD installation is 37–43%, according to each design method. The vibration control effect of the electrical cabinet by the TMD was confirmed under the sinusoidal sweep load.




4.2. Acceleration Responses of Electrical Cabinet Subjected to Earthquakes


Figure 21a, Figure 22a, Figure 23a, Figure 24a, Figure 25a, Figure 26a and Figure 27a show the envelopes of the acceleration at the top of the electrical cabinet, with and without a TMD. Here, the envelope plots were adopted to show several time histories. The red dotted line represents the acceleration response of the electrical cabinet without the TMD. The cyan, blue, black, and magenta lines represent the acceleration responses of the electrical cabinets with TMDs that are designed while using the Den Hartog, Warburton, and Sadek methods and the proposed optimization.



In Figure 21a, the maximum acceleration response of the electrical cabinet with the TMD (Warburton) in the Imperial Valley-2 earthquake case decreases from 7.64 to 5.17 m/s2 and the maximum rate of decrease is about 32%. Figure 22a shows the maximum acceleration response of the electrical cabinet due to the Northern Calif-01 earthquake. The maximum acceleration decreases from 7.82 to 5.19 m/s2 and the maximum rate of decrease is about 33%. In Figure 23a, the maximum acceleration response of the electrical cabinet with the TMD (optimization) in the Northern Calif-03 earthquake case decreases from 7.67 to 4.79 m/s2, and the maximum decrease rate is about 37%. In the case of the San Fernando earthquake, the maximum acceleration response decreases from 8.42 to 5.13 m/s2 and the rate of decrease is about 39% (see Figure 24a). Figure 25a shows the maximum acceleration response due to the Nicaragua-01 earthquake. Here, the maximum acceleration decreases from 6.75 to 3.79 m/s2 and the maximum rate of decrease is about 44%. Figure 26a shows the maximum acceleration response in the Friuli earthquake case. The maximum acceleration decreases from 7.29 to 4.67 m/s2 and the maximum rate of decrease is about 36%. In the last earthquake, the Imperial Valley-06 earthquake, the maximum acceleration without control is 6.55 m/s2, and the maximum acceleration with the TMD is 3.95 m/s2 (see Figure 27a). The rate of decrease is about 40%. In the acceleration time history results for the TMD, the average reduction rate is 35.5% and the standard deviation is 4.4%.



Figure 21b, Figure 22b, Figure 23b, Figure 24b, Figure 25b, Figure 26b and Figure 27b show the response spectrum of the acceleration at the top of the electrical cabinet, with and without TMD. The response spectrum of the floor acceleration (green line) is also presented for comparison with the acceleration response characteristics of the electrical cabinet. In each acceleration response spectrum, acceleration amplification is evident at the frequency that corresponds to the third mode of the electrical cabinet for each input floor acceleration. Figure 21b shows the response spectrum of the electrical cabinet in the Imperial Valley-2 earthquake case. It can be seen that the response spectrum is significantly reduced between 10 and 20 Hz by the TMD. The peak of the response spectrum is decreased from 4.54 to 2.08    g  , and the rate of decrease is approximately 54%. Figure 22b shows the peak of the response spectrum that is caused by the Northern Calif-01 earthquake. Here, the peak of the response spectrum decreases from 5.06 to 2.09  g , and the maximum rate of decrease is about 59%. In Figure 23b, the peak of the response spectrum with the TMD (optimization) in the Northern Calif-03 earthquake case decreases from 4.70 to 2.20  g , and the maximum rate of decrease is approximately 53%. Figure 24b shows the peak of the response spectrum that is caused by the San Fernando earthquake, and the maximum rate of decrease is about 61%. In the case of the Nicaragua-01 earthquake, the response spectrum is reduced by about 63% (see Figure 25b). Figure 26b and Figure 27b show the response spectrum of the electrical cabinet that is caused by the Friuli and Imperial Valley-06 earthquakes, and the rates of decrease are approximately 50% and 63%, respectively. The average reduction rate is 54.1% and the standard deviation is 5.0%. It was confirmed that the TMD effectively reduced the response spectrum amplification.



Table 7 shows the maximum accelerations of the uncontrolled cabinet and the electrical cabinets controlled by the TMDs designed while using each equation. The rate of decrease of the maximum acceleration is also presented. The equation of Den Hartog produced the greatest control effect in the Imperial Valley-06 earthquake case, and the equation of Sadek showed the greatest reduction effect in the Friuli earthquake case. A good control effect was observed with the TMD designed while using the equation of Warburton, which showed the maximum rate of decrease in the Imperial Valley-2, Northern Calif-01, San Fernando, and Nicaragua-01 earthquake cases. The proposed optimization method provided the best vibration reduction effect in the Northern Calif-03 earthquake case.



Table 8 shows the peak spectral accelerations of the uncontrolled and controlled electrical cabinets. In the peak spectral acceleration, the vibration reduction effect was the greatest for almost all of the earthquakes in the Warburton equation case. The equation of Den Hartog produced the greatest control effect (62.9%) in the Imperial Valley-06 earthquake case, while the proposed optimization method yielded the best vibration reduction effect (53.1%) in the Northern Calif-03 earthquake case.




4.3. Comparison of Control Results


Figure 28 shows a bar graph of the amplification factor (AF) for each base excitation in the electrical cabinet that was obtained using Equation (8):


  A F =  P  c a b i n e t   /  P  e x c i t a t i o n   ,  



(8)




where    P  c a b i n e t     and    P  e x c i t a t i o n     are the peaks of the response spectrum of the electrical cabinet and the base excitation, respectively. In the bar graph, each earthquake corresponds to the earthquake sequence in Table 8. The blue bar represents the AF of the uncontrolled cabinet. The red bar represents the AF of the electrical cabinet that is controlled by the TMD. The TMD used here was designed with the proposed optimization method. The maximum AF was 6.5 in the San Fernando earthquake case (EQ4) and decreased to 3.1 when controlled by the TMD.



Table 9 shows the AF and rate of decrease. The TMD reduced the AF for all seven earthquake loads from 1.9 to 3.1 when designed using the proposed optimization method. The average reduction rate is 53% and the standard deviation is 3.8%. Time–frequency analysis of the San Fernando and Imperial Valley-06 earthquakes was performed, and Figure 29 and Figure 30, respectively, show the results. Figure 29a and Figure 30a depict the uncontrolled and controlled accelerations at the top of the electrical cabinet. The controlled response here is the acceleration of the electrical cabinet with the TMD designed by optimization. Figure 29b,c show the results of time–frequency analysis before and after control in the San Fernando earthquake case.



Figure 30b,c presents the results of the time–frequency analysis before and after control in the Imperial Valley-06 earthquake case. Finally, the time–frequency analysis results for the TMD that was designed as an optimization method were compared with the uncontrolled results. It can be seen that the dark red at 15 Hz turns pale during the TMD operation. The numerical results show that the TMD can sufficiently reduce the vibration acceleration of the electrical cabinet.





5. Conclusions


In this study, TMDs were applied to reduce the vibration acceleration of the electrical equipment inside an NPP subjected to earthquakes. A shaking table test was performed, and the natural frequency and damping ratio of the cabinet were extracted, to confirm the dynamic characteristics of the electrical cabinet. TMDs were designed while using an optimization method and the equations that were proposed by Den Hartog, Warburton, and Sadek, together with the results of eigenvalue analysis of the target cabinet. Electrical cabinets with and without TMDs were modeled while using SAP2000 software. A sinusoidal sweep wave was used as an input motion at the base to identify the vibration characteristics of the electrical cabinet over a wide frequency range. The seismic loads of seven input floor accelerations adjusted to meet the DRS were used in this study to confirm the control effects of the TMDs in earthquakes. The acceleration responses before and after the control of the electrical cabinet while using the TMDs were compared using the time and frequency domains. The acceleration reduction performances of the TMDs designed using each optimization method were compared based on the response spectrum and AF. The key observations and findings of this research are as follows:




	(1)

	
The electrical cabinets with TMDs confirmed that the vibration acceleration due to seismic loading was reduced significantly more, and the vibration control effects resulting from using the TMD optimization design method differed slightly, but not significantly.




	(2)

	
The seismic response of the uncontrolled electrical cabinet was reduced by more than 30% by the TMD that was designed through the optimization technique.




	(3)

	
The AFs of the electrical cabinets subjected to seismic loads were calculated. The average AF reduction rate was 53% and the standard deviation was 3.8%.




	(4)

	
Finally, the numerical analysis verified that TMDs could be effectively applied to the electrical cabinets inside NPPs under earthquakes. This study numerically demonstrates that TMDs can be considered to be useful for improving the seismic performance of the electrical equipment inside NPPs.









TMD can be considered as an effective way to improve the seismic performance of the cabinet if the electrical cabinet of the existing NPP fails to meet the required seismic demand. Further experimental verification of electrical cabinets with TMDs and evaluation of seismic performance are also considered to be necessary.
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Figure 1. Tuned mass damper (TMD) design and analysis process in this study. 
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Figure 2. Electrical cabinet model: (a) Dimensions of the electrical cabinet; (b) Prototype of the electrical cabinet; and, (c) Finite element model. 
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Figure 3. Shaking table test of the electrical cabinet: (a) Cabinet and sensors; and, (b) Shaking table and servo motor. 
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Figure 4. Transfer function of the electrical cabinet obtained from shaking table test. 
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Figure 5. Mode shapes of the electrical cabinet: (a) First mode (x-direction); (b) Second mode (x-direction); (c) Third mode (y-direction); and (d) Fourth mode (x-direction). 
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Figure 6. Block diagram of the objective function. 
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Figure 7. TMD installation concept and idealization. 
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Figure 8. Frequency response function (FRF) of electrical cabinet before and after optimization under sinusoidal sweep wave. 
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Figure 9. FRF peak surface depending on TMD parameters. 
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Figure 10. Numerical models of electrical cabinet: (a) Without a TMD; and, (b) With a TMD. 
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Figure 11. Sinusoidal sweep wave and its fast Fourier transform (FFT): (a) Sweep wave; (b) FFT. 
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Figure 12. Horizontal design response spectrum (DRS) of RG 1.60 spectrum (5% damping). 
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Figure 13. Imperial Valley-2: (a) Time history; (b) Response spectrum. 
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Figure 14. Northern Calif-01: (a) Time history; (b) Response spectrum. 
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Figure 15. Northern Calif-03: (a) Time history; (b) Response spectrum. 
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Figure 16. San Fernando: (a) Time history; (b) Response spectrum. 
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Figure 17. Nicaragua-01: (a) Time history; (b) Response spectrum. 
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Figure 18. Friuli: (a) Time history; (b) Response spectrum. 
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Figure 19. Imperial Valley-06: (a) Time history; (b) Response spectrum. 
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Figure 20. Acceleration response at the top of the electrical cabinet when subjected to a sinusoidal sweep wave: (a) Time history; (b) Response spectrum. 
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Figure 21. Response of the electrical cabinet subjected to Imperial Valley-2: (a) Time history; (b) Response spectrum. 
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Figure 22. Response of the electrical cabinet subjected to Northern Calif-01: (a) Time history; (b) Response spectrum. 
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Figure 23. Response of the electrical cabinet subjected to Northern Calif-03: (a) Time history; (b) Response spectrum. 
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Figure 24. Response of the electrical cabinet subjected to San Fernando: (a) Time history; (b) Response spectrum. 
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Figure 25. Response of the electrical cabinet subjected to Nicaragua-01: (a) Time history; (b) Response spectrum. 
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Figure 26. Response of the electrical cabinet subjected to Friuli: (a) Time history; (b) Response spectrum. 
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Figure 27. Response of the electrical cabinet subjected to Imperial Valley-06: (a) Time history; (b) Response spectrum. 
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Figure 28. Amplification factor (AF) due to seismic loads of the electrical cabinet with and without a TMD. 
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Figure 29. Results of time–frequency analysis of the electrical cabinet subjected to San Fernando: (a) Time history; (b) Uncontrolled response; and, (c) Controlled response. 
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Figure 30. Results of time–frequency analysis of the electrical cabinet subjected to Imperial Valley-06: (a) Time history; (b) Uncontrolled response; and, (c) Controlled response. 
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Table 1. Material properties of the electrical cabinet.






Table 1. Material properties of the electrical cabinet.





	Item
	Value
	Unit





	Young’s modulus
	2.14 × 105
	MPa



	Poisson’s ratio
	0.30
	-



	Steel density
	7851
	kg/m3
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Table 2. Results of shaking table test.
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	Contents
	Values





	Natural frequency (Hz)
	16.48



	Damping ratio (%)
	2.16
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Table 3. Dynamic properties of the electrical cabinet.
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	First Mode
	Second Mode
	Third Mode





	Frequency (Hz)
	14.42
	14.56
	15.13



	Modal mass (kg)
	12
	12
	133



	Structural damping (%)
	2.16
	2.16
	2.16
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Table 4. Optimum parameters suggested for the TMD design.
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	Frequency Ratio
	Damping Ratio





	Den Hartog
	    f  o p t   =  1  1 + μ     
	    ξ  o p t   =     3 μ   8   1 + μ         



	Warburton
	    f  o p t   =  1  1 + μ     1 −  μ 2      
	    ξ  o p t   =     μ   1 − μ / 4     4   1 + μ     1 − μ / 2         



	Sadek
	    f  o p t   =  1  1 + μ     1 − β    μ  1 + μ         
	    ξ  o p t   =  β  1 + μ   +    μ  1 + μ       
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Table 5. Properties of TMDs designed while using optimum methods.
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	Parameters
	Den Hartog
	Warburton
	Sadek
	Optimization





	Mass (kg)
	10
	10
	10
	10



	Mass ratio
	0.075
	0.075
	0.075
	0.075



	Frequency ratio
	0.930
	0.912
	0.925
	0.874



	Stiffness (N/m)
	78,134
	75,196
	78,134
	68,997



	Damping ratio (%)
	16.2
	13.4
	28.5
	18.9



	Damping (N/m∙s)
	286
	231
	500
	313
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Table 6. Characteristics of seismic loads.
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	Earthquakes
	Year
	PGA (g)
	Sampling Time (s)
	Max. Frequency (Hz)





	Imperial Valley-2
	1940
	0.423
	0.01
	2.6



	Northern Calif-01
	1941
	0.454
	0.01
	2.8



	Northern Calif-03
	1954
	0.408
	0.01
	27.9



	San Fernando
	1971
	0.385
	0.01
	2.7



	Nicaragua-01
	1972
	0.374
	0.01
	2.7



	Friuli
	1976
	0.431
	0.01
	6.0



	Imperial Valley-06
	1979
	0.380
	0.01
	2.7







The six seismic loads had a PGA range of 0.380–0.454  g  with a main frequency range of 2–10 Hz. In the case of the Northern Calif-03 earthquake, the peak of response spectrum was at 27.9 Hz. In addition, the other FRSs also show large values at a high frequency of 27 Hz.
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Table 7. Maximum acceleration in each earthquake case.
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Earthquake

	
Unit

	
Uncontrolled

	
Control Method




	
Den Hartog

	
Warburton

	
Sadek

	
Optimization






	
Imperial Valley-2

	
   m /  s 2    

	
7.64

	
5.27

	
5.17

	
5.57

	
5.31




	
%

	
-

	
31.0

	
32.3

	
27.1

	
30.5




	
Northern Calif-01

	
   m /  s 2    

	
7.82

	
5.35

	
5.19

	
5.78

	
5.36




	
%

	
-

	
31.6

	
33.6

	
26.1

	
31.5




	
Northern Calif-03

	
   m /  s 2    

	
7.67

	
5.03

	
4.81

	
5.30

	
4.79




	
%

	
-

	
34.4

	
37.3

	
31.0

	
37.6




	
San Fernando

	
   m /  s 2    

	
8.42

	
5.20

	
5.13

	
5.22

	
5.29




	
%

	
-

	
38.2

	
39.1

	
38.0

	
37.2




	
Nicaragua-01

	
   m /  s 2    

	
6.75

	
3.79

	
3.83

	
4.21

	
3.98




	
%

	
-

	
43.9

	
43.2

	
37.6

	
41.0




	
Friuli

	
   m /  s 2    

	
7.29

	
4.71

	
4.89

	
4.64

	
4.85




	
%

	
-

	
35.4

	
32.9

	
36.3

	
33.5




	
Imperial Valley-06

	
   m /  s 2    

	
6.65

	
3.99

	
3.95

	
4.18

	
4.22




	
%

	
-

	
40.0

	
40.6

	
37.1

	
36.5
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Table 8. Peak spectral acceleration for each earthquake.
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Earthquake

	
Unit

	
Uncontrolled

	
Control Method




	
Den Hartog

	
Warburton

	
Sadek

	
Optimization




	
Imperial Valley-2

	
  g  

	
4.54

	
2.08

	
2.08

	
2.30

	
2.22




	
%

	
-

	
54.2

	
54.3

	
49.3

	
51.1




	
Northern Calif-01

	
  g  

	
5.06

	
2.17

	
2.09

	
2.63

	
2.35




	
%

	
-

	
57.1

	
58.8

	
48.0

	
53.7




	
Northern Calif-03

	
  g  

	
4.70

	
2.20

	
2.21

	
2.43

	
2.20




	
%

	
-

	
53.1

	
52.9

	
48.2

	
53.1




	
San Fernando

	
  g  

	
6.30

	
2.52

	
2.47

	
3.05

	
2.96




	
%

	
-

	
60.0

	
60.9

	
51.6

	
53.0




	
Nicaragua-01

	
  g  

	
4.97

	
1.96

	
1.85

	
2.40

	
2.18




	
%

	
-

	
60.5

	
62.8

	
51.7

	
56.2




	
Friuli

	
  g  

	
4.67

	
2.41

	
2.58

	
2.35

	
2.54




	
%

	
-

	
48.3

	
44.7

	
49.6

	
45.5




	
Imperial Valley-06

	
  g  

	
4.87

	
1.81

	
1.96

	
2.17

	
2.01




	
%

	
-

	
62.9

	
59.7

	
55.5

	
58.8
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Table 9. AF and rate of decrease due to seismic loading of the electrical cabinet with and without a TMD.






Table 9. AF and rate of decrease due to seismic loading of the electrical cabinet with and without a TMD.





	
Earthquake

	
AF

	
Rate of Decrease (%)




	
Uncontrolled

	
Optimization Method






	
Imperial Valley-2

	
4.7

	
2.3

	
51.1




	
Northern Calif-01

	
5.2

	
2.4

	
53.6




	
Northern Calif-03

	
4.0

	
1.9

	
53.2




	
San Fernando

	
6.5

	
3.1

	
53.0




	
Nicaragua-01

	
4.8

	
2.1

	
56.1




	
Friuli

	
4.8

	
2.6

	
45.6




	
Imperial Valley-06

	
4.7

	
1.9

	
58.7












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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