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Abstract

:

The reliable operation of photovoltaic (PV) power generation systems is related to the security and stability of the power grid and is the focus of current research. At present, the reliability evaluation of PV power generation systems is mostly calculated by applying the standard failure rate of each component, ignoring the impact of thermal environment changes on the failure rate. This paper will use the fault tree theory to establish the reliability assessment method of PV power plants, model the PV power plants working in the variable environment through the hardware-in-the-loop simulation system, and analyze the influence of the thermal characteristics of the inverter’s key components on the reliability of the PV power plant. Studies have shown that the overall reliability of bus capacitors, inverters, and PV power plants is reduced by 18.4%, 30%, and 18.7%, respectively, compared to when the thermal characteristics of bus capacitors are not considered. It can be seen that thermal attenuation has a great influence on the reliability of the PV power generation system.






Keywords:


PV inverter; reliability evaluation; hardware-in-the-loop (HIL) simulation; thermal characteristics












1. Introduction


PV power generation is considered the most promising method to replace traditional energy in the future. In 2020, more than half of the newly installed renewable energy sources were PV generation, and the additional globally installed capacity of PV power reached 107 GW in one year [1]. According to the forecast of the International Energy Agency (IEA), it will further increase to 4670 GW by 2050, when PV power generation will account for 11% of the total power generation [2]. PV power generation has become the fastest-growing renewable energy source after wind power generation, and it is of ever-increasing significance in the overall energy structure.



The PV power station works in an outdoor environment. The constantly changing environmental conditions such as ambient temperature, wind speed, and irradiance, along with the fact that the types of devices used in the system are different, lead to great challenges in the design, operation, and maintenance of PV power generation systems. For this reason, the reliability of each component of the PV system needs to be fully considered to reduce the probability of failure and improve the reliability of the system [3,4,5,6,7,8,9,10,11,12].



Due to the heat dissipation of the power switch tube when the grid-connected PV system works, it is generally at a higher temperature, which reduces the reliability of the inverter and increases the failure caused by the aging of components. According to Sandia National Laboratories, the number of inverter failures in PV systems is at least four times that of any other component [13]. Among them, power devices such as metal-oxide-semiconductor field-effect transistor (MOSFET), insulated-gate bipolar transistor (IGBT), bus capacitors, transformers, and control boards are the key components of inverter reliability evaluation [14]. In order to save costs, the electrolytic capacitor is generally selected as the bus capacitor. The life of the electrolytic capacitor is closely related to its operating temperature. An increase in operating temperature will increase its equivalent series resistance [15], thereby reducing the capacitance value and increasing the evaporation rate, resulting in a capacitor failure. At the same time, thermal stress will also cause the heat accumulation of the power tube package, leading to power tube failure [16,17]. Literature [13] shows that inverter faults often occur in bus capacitors and power tubes, and temperature is the main factor affecting the failure rate. In addition, the in-house defects of power semiconductor devices and the heat generation from discharging resistance are also worthy of consideration for thermal failure in PV systems [18]. With aspect to the difficulty in characterizing thermal behavior from the component level, the casing temperature is previously proven to serve as an effective indicator with both accuracy and simplicity [19]. Therefore, analyzing and predicting the thermal environment along with the operating temperature of the inverter in the field working environment shed some light on the reliable design of PV stations and make a more accurate evaluation of the reliability of the system.



At present, the reliability evaluation methods for PV systems have simplified the model, and it fails to consider the impact of component attenuation on system reliability caused by changes in the thermal environment of the system. Due to the constraints of the on-site environmental conditions, the empirical test of the reliability of PV inverters is mainly based on long-term operating data for comprehensive analysis and evaluation during the operation of PV inverters [20]. The empirical test has problems such as a long test cycle, high cost, and weak controllability [21,22,23]. In order to better complete the empirical testing, a hardware-in-the-loop simulation platform is previously introduced, where the template system can be effectively tested arbitrarily [24].



This research first determines the key components of inverter failure based on the reliability evaluation method of the fault tree model, and then models the PV power plant through the hardware-in-the-loop simulation system, imports the light and temperature parameters of the PV system, and obtains the changed working environment parameter. Finally, considering the thermal attenuation, it calculates the equivalent failure rate of the key components of the inverter, and uses the grid-connected PV system reliability evaluation model to analyze the impact of the modeled inverter thermal environment on the reliability of the PV system. In addition, this paper also makes up for the shortcomings of the existing fault tree, which analyze PV systems without considering the thermal environment changes.




2. Reliability Evaluation Based on Fault Tree Diagram


2.1. Fault Tree Evaluation


The reliability evaluation method based on the fault tree model is to transform the physical system into a structured, logical diagram and establish the basic events of the fault tree through experiments to describe the reliability of the top-level events [4]. A typical electrical structure diagram of a grid-connected PV power plant is shown in Figure 1.



The fault tree analysis diagram used in this paper is similar to that in the literature [25], except that the inverter faults are divided into bus capacitor faults, IGBT faults, and rectifier diode faults, as shown in Figure 2.



When performing a quantitative evaluation, the fault tree model should be transformed into a Boolean equation, and then use the mutual independence of fault events to express the system reliability as [26]:


      R  tot   =    ∏    i = 1   n   R    E i      = R   P V   × R   C O N   × R   B D   × R   D C S   × R   I C   × R   I I G B T        × R   I D   × R   C B   × R   G P   × R   A C S   × R   D C B       



(1)







Among them, PV means PV module, CON means connector, BD means protection diode, DCS means DC switch, IC means inverter bus capacitance, IIGBT means inverter IGBT, ID means inverter diode, CB means AC circuit breaker, GP stands for grid protector, ACS stands for AC switch, and DCB stands for differential circuit breaker.   R    E i      is the reliability of each event. When it follows the exponential distribution, it is expressed as [26]:


  R    E i       = exp    −  m i   λ i   t i     



(2)




where    m i    is the number of identical components,    λ i    represents the failure rate of component i, and    t i    represents the time of the reliability study. In addition, based on the above relationship, the system reliability of the grid-connected PV power plant can be evaluated.




2.2. Reliability Evaluation of PV Power Stations


Assuming that the reliability of a 100 kW PV power station is evaluated under the typical configuration, the data of involved devices (components) in the configuration are listed in Table 1.



According to the literature [25,27,28,29], the failure rate and the according probability density function of each component are shown in Table 2.



Given the parameters, the reliability of each device can be calculated. Take the reliability of IGBT, which has been in operation for one year, as an example:


  R   I I G B T      = exp    −  m i   λ i   t i     



(3)




where    m i  = 12  ,    λ i  = 0.4 ×   10   − 6    ,     t i  = 365 × 8.5 = 3102.5   h  , brought into the Formula (3), it obtains:


  R   I I G B T     = 0.985  



(4)




which means the reliability of the inverter IGBT after the power station is used for one year is 98.5%.



Studies have shown that inverters have an important impact on the reliability of PV systems. For the key components that affect the reliability of the inverter, comparing six different inverters in [30], it was found that the electrolytic capacitor is the decisive component of the inverter failure instead of the power tube. Previous literature [16] verified and calculated the inverter failure model and obtained the inverter subsystem failure rate and total failure rate table as follows. The research also shows that the inverter bus capacitance is a key component that affects the reliability of the inverter. The subsystem failure rate and total failure rate of the inverter are shown in Table 3.



When grid-connected PV systems work under high power and temperature conditions, the temperature is the main factor affecting the failure rate [14]. The life of the inverter bus electrolytic capacitor is closely related to its operating temperature. The main cause of capacitor failure is the increase in operating temperature. At present, the reliability evaluation of inverter bus capacitors mostly adopts a fixed failure rate. The system reliability is calculated by applying the standard failure rate of each component, all neglecting the impact of the thermal environment on the failure rate.




2.3. PV System Based on Hardware-in-the-Loop Simulation Platform


To analyze the impact of thermal environment changes on the reliability of PV systems, this paper will use a hardware-in-the-loop simulation platform (Speedgoat) to model and analyze PV grid-connected systems, which can greatly reduce the cost of the experimental platform construction and save the time and labor during data collection [22,25]. The circuit diagram of the grid-connected simulation model build by Simulink is shown below (Figure 3).



The hardware-in-the-loop simulation system is mainly composed of a simulation host (simulator), a control board (C.U.T), and an interface board. Among them, the simulation host is composed of a PV power generation system (PV-Generator), inverter model, and grid model (Grid); the interface board is composed of PWM signals and analog and digital signals. (TMS320F28335 digital signal processor of TI Company (Dallas, TX, USA) is used, which is connected to the hardware-in-the-loop simulator through an adapter board). The physical platform is shown in Figure 4.



The simulation platform is tested after being established. The test results show that the phase voltage and phase current cycle are both 20 ms, and the frequency is 50 Hz. The PWM wave waveform is a typical SVPWM algorithm modulation wave shape, which is saddle-shaped. Consistent with MATLAB (MathWorks, Natick, MA, USA) simulation results, the hardware-in-the-loop simulation platform currently built can meet the basic requirements.



The environmental parameters were subsequently used as the input of the PV power plant model to simulate the operating status of the PV power plant and analyze the thermal characteristics of the key components of the inverter in a given working state so as to use the PV system reliability model to analyze the impact of thermal characteristics on reliability.





3. Thermal Characteristics and Failure Probability of Key Components of the Inverter


3.1. Thermal Characteristics of Key Components of the Inverter


To analyze the failure rate of the exponential distribution of each device in the PV power plant electrical structure model, a fault tree theory was used to establish a reliability assessment method for the PV power plant. First, the temperature of the key components of the inverter needs to be calculated. The temperature difference between room and radiator can be expressed as [31]:


  Δ T =  k    1 + c ∗  V w      ×   (  P  d c   −  P  a c   )    P r     



(5)




where    P  d c     is the input DC power,    P  a c     is the output AC power,    P r    is the inverter rated power,    V w    is the wind speed, c is the wind speed factor, and k is the inverter heat dissipation factor.



The temperature difference between the inverter components and the heat sink can be approximated as:


  Δ     T ′   =  k ′   P c   



(6)




where   Δ     T ′     is the temperature difference between the inverter components and the radiator is,    k ′     is the heat transfer coefficient, and    P c    is the power consumed by the inverter components. Therefore, the temperature of each component of the inverter can be expressed as:


   T c  =  T a  + Δ T + Δ     T ′    



(7)




where    T a    is the ambient temperature.



It should be noted that each component may have different levels of heat dissipation devices, and the above Formula (7) may need to be recalculated for different components [31]. A previous study has identified by a no model-specific method that the possible range of k and c is 350 to 650 (°C) and 0.20 to 0.30 (s/m) in Colorado, respectively [31]. Nevertheless, the typical irradiance is sensitive to the latitude of the test site. The latitude of Colorado and Dalian displays a difference (i.e., Colorado at 37–41 °N and Dalian at some 39 °N). Herein, the mean manipulation is adopted for mitigating the statistical difference in the confidence of the data. In this paper, k is taken as 500 °C, and c is taken as 0.25 s/m to keep the parameter in the reasonable range and verify our subsequent experimental design.



Next, the reliability of the inverter bus capacitor is analyzed through the data of a certain power station. First, the typical meteorological year data of NREL are used, where the year-round data of irradiance in 2001 were received by the oblique uniaxial located in Dalian (38°54′ N, 121°38′ E). Then the obtained incident irradiance data and the PV module operating temperature estimation were used. The working temperature and irradiance of the PV cell under the field working state are obtained. The irradiance and temperature data are shown in Figure 5 and Figure 6, respectively.



The abscissas of Figure 6 and Figure 7 represent the hours of sunshine duration throughout the year, and the ordinates respectively represent the amount of incident radiation received during the hour and the working temperature of the photovoltaic cell. It can be seen that the annual average radiation intensity is 386.7 W/m2, and the radiation dose is relatively high in April, May, August, and September; The working temperature of photovoltaic cells is relatively high in June, July, and August, with an average of 28.8 °C.



The irradiance and operating temperature are used as inputs to the hardware-in-the-loop simulation platform. The irradiance data and operating temperature are both hourly averages. The irradiance and operating temperature are simulated to change linearly between two adjacent values.



The calculated temperature difference   Δ T + Δ     T ′     between the bus capacitance and the ambient temperature is shown in Figure 7.




3.2. Failure Probability Based on Component Thermal Characteristics


In order to analyze the failure probability of components, this section uses the component temperature parameters obtained by the simulation to calculate. It is assumed that thermal attenuation is a process that gradually accumulates with time and changing temperature.



First, assuming that the component is at a fixed temperature T, the failure probability distribution follows an exponential distribution, as follows:


  F   t ; T     = 1 − exp ( − λ  T    ×   t )  



(8)







Among them,  λ  is the attenuation rate, and   F   t ,   T     is the probability that the component fails at time t at temperature T. The equation for the decay rate as temperature T can be written as:


  λ  T    = A × exp     −  E a  / R  T     



(9)




where    E a    is the activation energy, R is the general gas constant, and A is a constant that depends on the type of fault.



When the temperature is considered as a variable, it is assumed that   Δ  T   i      and    λ   T   i         represent the time at temperature    T   i      and the corresponding decay rate, respectively.   i = 1 , 2 , … , n  . The attenuation rate in each time interval is given by the Arrhenius Equation [32]. The failure probability function at this time is:


  F = 1 − exp ( − ε )  



(10)




where


  ε = Δ  T   1    ×  λ  T  1    + Δ  T   2    ×  λ  T  2    + ⋯ + Δ  T   n    ×  λ  T  n     



(11)







Equivalent attenuation rate:


   λ  e f f   =  ε    ∑   i = 1  n  Δ  T   i       



(12)







Assume that the MTTF (Mean time to Failure) of the inverter at 55 °C is 5000 h. As already stated, for the exponential distribution,   MTTF = 1 / λ ,  . The value of    E a  / R   may be in the range of 3000–12,000 K, taken as 6000 K:


   1  5000   = A × exp ( − 6000 / 328 )  



(13)







It can be derived that   A = 1.76 ×   10  4   .



The cumulative distribution function of the ambient temperature and the bus capacitor temperature obtained by calculation is shown in Figure 8.



Ta is the ambient temperature, and Tc is the bus capacitor temperature. The bus capacitor temperature is slightly higher than the ambient temperature. As can be seen from the figure, the average value of the ambient temperature is about 16 degrees Celsius, and the bus capacitor temperature is about 2 degrees Celsius higher than the ambient temperature. In addition, the ambient temperature and bus capacitor temperature is consistently lower than 40 degrees Celsius.



By calculating the equivalent attenuation rate    λ  e f f    , through Equation (12), the failure probability distribution function can be obtained:


  F  t    = 1 − exp ( −  λ  e f f   × t )  



(14)







To better make a comparison, the failure probability distribution function is simulated under the condition that the irradiance is constant 1000 w/m2, the battery temperature is 50 °C, and other simulation conditions are unchanged. The distribution function is shown in Figure 9. The abscissa is time, and the unit is 0.1 h.



Among them, C1 is the distribution with irradiance and temperature considered as variables, and C2 is the distribution with constant irradiance and temperature. Since the working temperature of C2 is higher than C1, the probability of C2 failure is higher, and the simulation results live up to expectations. Under given conditions, the probability of failure of capacitor C2 at any time point is higher than the probability of failure of C1. In addition, the growth rate of the failure probability of both increases first and then decreases with the increase of time, which is consistent with the bathtub curve theory. By bringing any time t into Formula (14), the probability of capacitor failure until that moment can be obtained. The results are obtained on the premise that the MTTF is 5000 h and the value of    E a  / R   is 6000 K.





4. Analysis of System Reliability Cases of Thermal Characteristics of Inverter Bus Capacitors


4.1. Reliability Calculation of PV Power Plant without Considering Thermal Characteristics


Without considering the component attenuation, the reliability evaluation table and trend chart of each component of the 100KW power station in 20 years are shown in Table 4 and Figure 10.



After 20 years of operation, the overall reliability of the inverter is:


  R   I G B T     = R   I C     ×   R   I I G B T     ×   R   I D     = 0.68  



(15)







Overall reliability of PV power plants is:


   R  tot   =    ∏    i = 1   n   R    E i      = 0.098  



(16)







It can be seen that the reliability of circuit breakers, protectors and inverter IGBTs is relatively poor and decays rapidly with time. The string protector has a reliability of 97.79% when used for one year and only 63.97% after 20 years.




4.2. Reliability Calculation of Grid-Connected PV Power Plant Considering Thermal Characteristics of Bus Capacitor


According to the previous calculation, the failure probability of the inverter is four times that of other components, and the power inverter has a huge effect on PV system stability. Since the bus capacitor is the decisive component on inverter failure while other components have much less impact compared, the bus capacitance is considered as the dominating factor for further thermal effect analysis.



If we consider the thermal characteristics of the bus capacitance, its   M T T F = 1 / λ = 1 / 0.3 ×   10   − 6    ,   A = 293.28  , bring the temperature difference data shown in Figure 7 and the probability of capacitor failure [28] in Table 2 into Equations (12)–(14) and assume that the irradiance, ambient temperature, and wind speed will not change significantly within 20 years, the failure probability distribution function can be obtained, as shown in Figure 11. The dotted line in the figure is the time of 20 years of operation. The intersection of the solid line and the dotted line is the failure probability of the capacitor after 20 years of operation. The reliability of the bus capacitor can be obtained by subtracting this value from 1.



The reliability of the bus capacitor is obtained as:


  R   I C     = 0.783  



(17)







Compared with the case without considering the thermal characteristics of the bus capacitor, its reliability is reduced by 18.4%. At this time, the overall reliability of the inverter is:


  R   I G B T     = R   I C     ×   R   I I G B T     ×   R   I D     = 0.52  



(18)







The overall reliability of the inverter decreased by 30%. The PV system reliability at this time is:


  R  R  tot   =    ∏   i = 1  n   R    E i      = 0.080  



(19)







The overall reliability of PV power stations has decreased by 18.7%, which indicates the thermal characteristics of bus capacitors have a great impact on the reliability of PV power generation systems. If the thermal characteristics of the inverter IGBT and inverter diode are considered, the reliability of the system will be further affected. In the actual working environment, PV power generation systems may also encounter extreme weather, and system reliability will be further challenged. Therefore, certain measures need to be taken to improve system reliability. Common methods include derating design and redundant design. For example, due to the low reliability of the inverter, the 100 KW inverter in this study can be replaced with three 50 KW inverters to improve the overall reliability of the system.




4.3. Analysis and Discussion


Up to date, the life and reliability estimations of the inverter bus capacitors are completed by querying the fixed failure rate in the technical manual for simplicity purposes. They do not take into account the complex variations in the field operating environments, such as estimation at room temperature (25 °C) or estimation based on the conventional heat generation of the squeeze. However, the above research paradigm is all due to the poor accessibility of thermal characteristics data, resulting in large deviations in the results, which often need to be compensated by long-term on-site laboratory tests.



This paper fully considers the field data from the operating environment and applies hardware-in-the-loop simulation to tackle the ambient weather changes, the operating temperature of the inverter’s internal capacitors, and the time-varying operating conditions. Moreover, the test process is expedited via hardware-in-the-loop simulation by reducing the test frequency and workload of on-site testing. In the case of considering the thermal characteristics of the bus capacitor, the data of temperature difference are shown in Figure 5, and the probability of failure of the capacitor [13] is substituted into the formula Equations (11)–(13). It is assumed that the irradiation, ambient temperature, and wind speed within 20 years exhibit a statistically stationary process; thereby, the reliability of the bus capacitor can be obtained. Compared with the circumstance where the thermal characteristics of the bus capacitor are not considered, the bus capacitor reliability is reduced by 18.4%



The failure rate of the exponential distribution of each device in the electrical structure model of a photovoltaic power plant, and a reliability assessment method for the PV system is proposed through the fault tree theory. Then based on the thermal theory of the inverter, by using the built simulation platform, the temperature difference between the bus capacitance and the ambient temperature was calculated. Subsequently, the reliability evaluation method of the PV system is put forward considering the thermal characteristics of bus capacitance. The reliability evaluation method is used to analyze the reliability of 100 MW grid-connected PV power stations. The reliability when considering the thermal characteristics of the inverter is compared with the reliability without considering the thermal characteristics, and the impact of thermal characteristics on system reliability is evaluated. This helps to establish a more flexible and efficient monitoring plan for the reliability of PV systems.





5. Conclusions


Establishing the reliability evaluation model of the PV power generation system and analyzing the reliability of the system working in a variable environment are of great significance to the optimization design of the PV power generation system. Since the existing PV system reliability evaluation model fails to take thermal attenuation into consideration, the accuracy of reliability evaluation is reduced. This paper establishes a fault tree for a typical grid-connected PV system to analyze the reliability of PV systems under the impact of thermal characteristics of key components of the inverter. This research is mainly based on a hardware-in-the-loop simulation platform (Speedgoat) to model a grid-connected PV power plant that works in a variable environment. The results show that the overall reliability of bus capacitors, inverters, and PV power plants is reduced by 18.4%, 30%, and 18.7%, respectively, compared to when the thermal characteristics of bus capacitors are not considered; the thermal attenuation has a huge impact on the reliability of the inverter bus capacitors, which in turn affects the overall reliability of the inverter and the PV power generation system.
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Figure 1. Typical electrical structure diagram of a grid-connected PV power plant. 
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Figure 2. Inverter fault tree diagram. 
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Figure 3. Circuit diagram of grid-connected PV system simulation. 
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Figure 4. Hardware-in-the-loop simulation platform [24]. 
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Figure 5. Time-segmented chart of the radiation amount received by the oblique uniaxial throughout the year (unit: W/m2). 
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Figure 6. Time-sharing chart of the working temperature of inclined uniaxial PV cells throughout the year. 
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Figure 7. Temperature difference between bus capacitance and ambient temperature. 
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Figure 8. The cumulative distribution function of the ambient temperature and the bus capacitor temperature. 
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Figure 9. Failure probability distribution function. 
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Figure 10. Reliability of components in a 10 KW grid-connected PV power station after 20 years of operation. 
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Figure 11. Capacitor failure probability distribution function considering thermal attenuation. 
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Table 1. Number of components used in 100 kW grid-connected PV power station.
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	Device Name
	Number





	PV module
	330



	PV module string protector
	23



	DC switch
	3



	Inverter bus capacitance
	2



	Inverter IGBT
	12



	Inverter diode
	18



	AC circuit breaker
	1



	Grid protector
	1



	AC switch
	1



	Differential circuit breaker
	1



	Connection terminal
	874



	Power storage system
	16



	Charge controller
	1
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Table 2. Failure rate and obeying probability density function of each component of the grid-connected PV power station.
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	Device Classification
	PDF
	Failure Rate

(10−6 Times/Hour)
	References





	PV module
	Index
	0.0152
	[25]



	PV module string protector
	index
	0.313
	[25]



	DC switch
	index
	0.2
	[4]



	Inverter bus capacitance
	index
	0.3
	[25]



	Inverter IGBT
	index
	0.4
	[28]



	Inverter diode
	index
	0.1
	[28]



	AC circuit breaker
	index
	5.712
	[25]



	Grid protector
	index
	5.712
	[25]



	AC switch
	index
	0.034
	[25]



	Differential circuit breaker
	index
	5.712
	[25]



	Connector
	index
	0.00024
	[25]



	Power storage system
	index
	12.89
	[28]



	transformer
	index
	6.44
	[28]



	208 V/480 V
	Weibull3
	n/a
	[4]



	transformer 480 V/34.5 kV
	Weibull2
	n/a
	[13]
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Table 3. Failure rates of sub-system and total failure rates.
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	Subsystem
	Number/Piece
	Failure Rate/10−6 h−1
	Subsystem Failure Rate/10−6 h−1





	Bus electrolytic capacitor
	6
	3.44
	20.64



	OR film capacitor
	20
	0.15
	3



	IGBT
	8 (With voltage—risen section)
	0.008
	0.064



	AC relay
	6 (2 per phase)
	0.1
	0.6



	Liquid crystal
	1
	<20
	<20



	In-flight communication
	1
	<20
	<20







Note: The total failure rate when electrolytic capacitors are used without maintenance is 61.304; the total failure rate when film capacitors are used under maintenance is 3.664.













[image: Table] 





Table 4. Reliability of each component within 20 years of 100 KW grid-connected PV power station.
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Device Name

	
Working Time (Year)




	
1

	
5

	
10

	
15

	
20






	
PV module

	
98.46

	
92.51

	
85.59

	
79.18

	
73.25




	
PV module string protector

	
97.79

	
89.43

	
79.98

	
71.53

	
63.97




	
DC switch

	
99.81

	
99.07

	
98.16

	
97.25

	
96.35




	
Inverter bus capacitance

	
99.81

	
99.07

	
98.16

	
97.25

	
96.35




	
Inverter IGBT

	
98.52

	
92.82

	
86.16

	
79.98

	
74.24




	
Inverter diode

	
99.44

	
97.25

	
94.57

	
91.96

	
89.43




	
AC circuit breaker

	
98.24

	
91.52

	
83.76

	
76.66

	
70.16




	
Grid protector

	
98.24

	
91.52

	
83.76

	
76.66

	
70.16




	
AC switch

	
99.99

	
99.95

	
99.89

	
99.84

	
99.79




	
Differential circuit breaker

	
98.24

	
91.52

	
83.76

	
76.66

	
70.16




	
Connection terminal

	
99.93

	
99.68

	
99.35

	
99.03

	
98.71
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