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Abstract

:

The recognition of transient overvoltage characteristics is the premise of disturbance compensation of the transient overvoltage. Based on that, the recognition algorithm of transient overvoltage characteristics based on symmetrical components estimation was proposed. The generation mechanism of the transient overvoltage in gas insulated switchgear (GIS) was analyzed. Then, the transient overvoltage was measured via the capacitive sensor method. The three-phase voltage of ultra-high voltage grid was asymmetrical when the transient overvoltage appeared. At present, the asymmetrical three-phase voltage was decomposed into the superposition of a symmetrical positive-sequence component, a negative-sequence component, and a zero-sequence component via the symmetrical components estimation to build the superposition model. The model was decomposed via the trigonometric identity and the modified neural network of the least mean square learning rule was used to estimate the parameter vector of the characteristic quantity of the transient overvoltage in real time. The feasibility of the proposed algorithm was verified via comparing the simulation of the proposed algorithm and the algorithm based on dp transformation. The experimental results show that the proposed algorithm has the advantages of a small operand, high detection precision, and fast action.
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1. Introduction


The gas insulated switchgear (GIS) has the advantages of a compact structure, less land occupation, and easy maintenance [1]. Therefore, it is widely applied in the 110 kV or above power grid. All ultra-high voltage (UHV) AC transmission systems of China have adopted the GIS. In the GIS substation, the operation of the breaker, disconnecting switch, and earth switch and the short trouble of single-phase earth will generate the very fast transient overvoltage [2,3], of which the operation of disconnecting switch is the primary cause. The transient overvoltage has thr characteristics of high amplitude, steep wave front, high frequency, and multiple continuous pulses, which have great effects on the insulation of the GIS and the connected winding equipment (e.g., transformer). Meanwhile, the transient overvoltage will generate the transient enclosure voltage (TEV) at the joint of the GIS shell and theouter lead, causing the problem of safety and secondary equipment insulation and the forming of the electromagnetic interference to the measurement and control equipment, which generates the malfunction of the secondary equipment [4,5]. Therefore, the transient overvoltage has become the focus of researchers.



Aiming at the product design of GIS, some foreign manufacturers have researched the transient overvoltage generated by the disconnecting switch operation in the extra high voltage system since the1980s. The measuring system of the transient overvoltage was designed. The characteristics, effect on equipment insulation, and electromagnetic interference on the secondary equipment of the transient overvoltage were analyzed via a simulation test and a digital simulation method [6,7]. Meanwhile, the method of the disconnecting switch installed with the damping resistance to suppress the transient overvoltage was proposed. Domestic researchers have simulated and calculated the transient overvoltage of the substation with 500 kV and 750 kV respectively, and carried out an actual measurement for the transmission project debugging with 750 kV. Seldom, foreign researchers focus on the transient overvoltage in the 1000 kV system and only Japanese researchers have researched that in extra high GIS [8], while China has carried out the simulating calculation of the transient overvoltage for the experiment and demonstration project of the UHV AC. The State Grid Corporation of China set up the project of actual measurement and simulation research on the transient overvoltage in the UHV GIS/HGIS equipment in 2009. Research on the measurement and simulation of transient overvoltage in the UHV system, insulation characteristic under overvoltage, TEV, and electromagnetic interference has been conducted. The staged progress has been obtained. Ma, Guo Ming et al. studied the time and frequency characteristics of transient overvoltage in ultra-high voltage substations with the use of a port hole sensor of the surface-mounted device to detect the on-site VFTO characteristics and obtain different levels of voltage steepness and the duration of frequency components. Under electromagnetic interference, transient overvoltage characteristics can be accurately identified, but this method requires too much calculation and takes too long to recognize. Hu, Jiabing et al. propose a DC voltage fault analysis and enhanced control method for HMC transmission system based on hybrid MMC. By analyzing the characteristics of pole-to-earth faults, an enhanced control strategy is proposed, and a new variable is allocated to distribute the power transmitted from the AC side, effectively eliminating overvoltage faults, and accurately identifying transient overvoltage characteristics. This method has short recognition time and is fast, but there are certain errors.



The compensation of transient overvoltage disturbance is achieved via various ways. The dynamic voltage restorer (DVR) has been identified as the most effective compensation device to solve the transient overvoltage [9]. The DVR requests fast response speed, hence fast and precise recognition on the transient overvoltage is the premise to apply the DVR rapidly into the compensation, which is a key technique that must be solved during the DVR research. At present, the most applied recognition algorithm is based on the normal and modified dp transformation [10]. However, both of them require a low pass filter to remove the transformed high-frequency component to solve effective value of the transient overvoltage and phase jump. Although various advanced filters are used during the design of a low pass filter, such as amathematical morphological filter, the response speed still decreases [11,12]. Moreover, the property of the method decreased drastically in the condition of voltage waveform distortion. The normal and modified Kalman filters have also been applied to the recognition on transient overvoltage, but are limited in the actual application because of the operation load and prior knowledge of noise required by the algorithm [13,14,15].



Therefore, this paper proposes a transient overvoltage characteristic recognition algorithm based on symmetric component estimation. This paper analyzes the transient overvoltage generation mechanism through GIS, measures the transient overvoltage value according to the capacitance sensor method, and estimates the transient three-phase phasor symmetrical component. In addition, we determine the transient overvoltage RMS value and phase transition to complete the transient overvoltage characteristic identification. Through the extraction experiments of the symmetrical components, the identification experiment of the transient overvoltage positive sequence component RMS value and the phase transition characteristics, and the identification effect experiments, the proposed algorithm is verified.




2. Definition of the Algorithm


Based on the analysis of the transient overvoltage generation mechanism, an electromagnetic interference control method is given. Based on this, a three-phase voltage decomposition model is established, and the measured vector of the three-phase voltage is obtained through triangular identity decomposition to complete the identification of transient voltage characteristics. The specific process is shown in Figure 1.



2.1. Generation Mechanism of Transient Overvoltage


Multiple re-strikes were formed at the fracture interval of the disconnecting switch due to the slow kinematic velocity of contact when the short bus is no-load caused by the disconnecting switch operation in the GIS. The sharply changed traveling wave is generated. Then the wave is refracted, reflected, and superimposed in the node with wave impedance variation in GIS. Thus, the transient overvoltage is formed.



Figure 2 shows the mechanism of transient overvoltage generated by opening of the disconnecting switch. In the diagram, the    U s    is the value of supply voltage and the    U 1    is the value of residual voltage. The    U p    represents the amplitude value of the transient overvoltage. Under the most serious condition that the contact space of disconnecting switch is broken down when both the    U s    and    U 1    are 1.0 pu, the maximum of    U p    obtained via theoretical calculation is approximate or over 3.0 pu. Results of simulation and experiment show that the range of amplitude value of the transient overvoltage is from 1.5 pu to 2.8 pu [16]. The rise time of transient overvoltage is short, even as short as a few nanoseconds. The range of main frequency is from a few MHz to scores of MHz and the maximum frequency is 100 MHz. The re-strike times occurred in operation of the disconnecting switch depend on the speed of operation [17]. If the speed is fast, the times are less. Otherwise, the times are more. Generally, the number of re-strike is from tens to dozens of times.



Steep wavefront overvoltage generated between the high voltage conductors (stick) and shell is called interior transient overvoltage during the disconnecting switch operation in the GIS [18]. TEV and electromagnetic interference are generated outside the GIS shell due to the refraction and reflection of the voltage wave at the joint (nodes) between the shell and cable (or overhead) line during the diffusion of the wave, which is collectively known as the external transient overvoltage [19]. The interior transient overvoltage has significant effects on the GIS and the winding equipment connected with the GIS, while the external transient overvoltage transient overvoltage is harmful to the insulation of the secondary equipment connected with the shell, or causes electromagnetic interference to the secondary equipment. The transient voltage generation mechanism is obtained, which can effectively control electromagnetic interference, and then perform transient voltage measurements.




2.2. Measuring Method of Transient Overvoltage


According to the transient overvoltage generation mechanism in the previous section, the cause of the measurement error is analyzed, and the transient voltage measurement can be implemented in a targeted manner. The transient overvoltage is measured via experiment because of its complex phenomenon and strong randomness. To recognize the characteristic accurately, research on measuring methods is necessary.



The research on measuring methods for transient overvoltage has been carried out early by Canada, Japan, Germany, and Switzerland. The measuring systems with capacitive sensors with hand-hole type and pre-embedded ring type and electric field probes have been developed and applied to the laboratory test and field measurement. China developed the capacitive sensors with hand-hole type in the 1990s applied to measurement for transient overvoltage in 252 kV test loop. At the beginning of the 21st century, a preliminary exploration of the capacitive sensors with pre-embedded ring type was conducted. The measurement method of bushing tap of transformer and high voltage parallel reactor was proposed and applied to the measurement for the transient overvoltage in the 750 kV project debugging. Figure 3 shows the measurement principle of capacitance sensor method.



The capacitance is composed of C1 and C2. The R1 is the matched resistance of the cable. The measurement device includes an oscilloscope, a buffer amplifier and trigger circuit, a sensor, matched resistance, a cable, and measuring equipment, which together constitute the measurement system [20,21,22,23]. The signal obtained by the capacitance sensor is input to the measuring equipment via the cable for the collection and storage. The frequency response characteristics of the measurement system of capacitance sensor are related to the input impedance R2 of the measuring equipment, which needs the suitable designed R2 to acquire the frequency range of the measurement of transient overvoltage.



The capacitance sensor has two structural styles, the hand-hole type and the pre-embedded ring type, as shown in Figure 4. The plate electrode is installed via trepanning on the GIS shell in the hand hole-type capacitance sensor. The high voltage arm is the capacitance C1 consisting of the plate electrode and GIS high-voltage guide rod, while the low-voltage arm is the external capacitance C2 or the capacitance consisting of the plate electrode and shell. The pre-embedded ring-type capacitance sensor includes capacitance C1 consisting of internally shielded electrode embedded in basin-type insulator beforehand and high-voltage guide rod and external capacitance C2. In Figure 4b, the CL and LL are the external circuits.



The precise transient overvoltage is acquired via the capacitance sensor method. The characteristic of transient overvoltage is identified via the method of symmetrical components estimation after the transient overvoltage appears.




2.3. Symmetrical Components Estimation of Three-Phase Vector of Transient Overvoltage


The three-phase voltage of the ultra high-voltage grid is in an asymmetrical state when the transient overvoltage appears. Now, the asymmetrical three-phase voltage can be decomposed into the superposition of symmetrical positive-sequence component, negative-sequence component, and zero-sequence component. The superposition model is shown in Formula (1). The superposition model is the basis of the proposed algorithm.


   (     v a       v b       v c     )  =  V 0   (    sin  (  w t +  φ 0   )      sin  (  w t +  φ 0   )      sin  (  w t +  φ 0   )     )  +  V +   (    sin  (  w t +  φ +   )      sin  (  w t +  φ +  −   120  ∘   )      sin  (  w t +  φ +  +   120  ∘   )     )  +  V −   (    sin  (  w t +  φ −   )      sin  (  w t +  φ −  +   120  ∘   )      sin  (  w t +  φ −  −   120  ∘   )     )   



(1)







Equation (1) represents an asymmetric three-phase voltage decomposition model, which is obtained by superposing a positive sequence component, a negative sequence component, and a zero sequence component, respectively. Among the Formula (1),    v a   ,    v b    and    v c    is the three-phase voltage in the gird during the generation of transient overvoltage.    V 0    and    φ 0    represent the amplitude value and phase position of the zero-sequence symmetrical component respectively.    V +    and    φ +    represent the amplitude value and phase position of the positive-sequence symmetrical component respectively.    V −    and    φ −    represent the amplitude value and phase position of the negative-sequence symmetrical component respectively. The decomposition is carried out via the trigonometric identity as shown in Formula (2):


  sin  (  α + β  )  = sin α cos β + cos α sin β  



(2)







The decomposed superposition model for Formula (1) is obtained via Formula (2), as shown in Formula (3):


     (     v a       v b       v c     )  =  V 0   (    sin  (  w t  )  cos  ϕ 0  + cos  (  w t  )  sin  ϕ 0      sin  (  w t  )  cos  ϕ 0  + cos  (  w t  )  sin  ϕ 0      sin  (  w t  )  cos  ϕ 0  + cos  (  w t  )  sin  ϕ 0     )                     +  V +   (    sin  (  w t  )  cos  ϕ +  + cos  (  w t  )  sin  ϕ +      sin  (  w t −   120  ∘   )  cos  ϕ +  + cos  (  w t −   120  ∘   )  sin  ϕ +      sin  (  w t +   120  ∘   )  cos  ϕ +  + cos  (  w t +   120  ∘   )  sin  ϕ +     )                     +  V −   (    sin  (  w t  )  cos  ϕ −  + cos  (  w t  )  sin  ϕ −      sin  (  w t +   120  ∘   )  cos  ϕ +  + cos  (  w t +   120  ∘   )  sin  ϕ +      sin  (  w t −   120  ∘   )  cos  ϕ +  + cos  (  w t −   120  ∘   )  sin  ϕ +     )     



(3)







Supposing   v  ( t )  =  (     v a       v b       v c     )   ,   W =  (     V 0  cos  ϕ 0       V 0  sin  ϕ 0       V +  cos  ϕ +       V +  sin  ϕ +       V −  cos  ϕ −       V −  sin  ϕ −     )   ,   X  ( t )  =  (    sin  (  w t  )    sin  (  w t  )    sin  (  w t  )      cos  (  w t  )    cos  (  w t  )    cos  (  w t  )      sin  (  w t  )    sin  (  w t −   120  ∘   )    sin  (  w t +   120  ∘   )      cos  (  w t  )    cos  (  w t −   120  ∘   )    cos  (  w t +   120  ∘   )      sin  (  w t  )    sin  (  w t +   120  ∘   )    sin  (  w t −   120  ∘   )      cos  (  w t  )    cos  (  w t +   120  ∘   )    cos  (  w t −   120  ∘   )     )   , matrix form as shown in Formula (4) can be obtained:


  v  ( t )  = X    ( t )   T  W  



(4)







In the Formula (4), the   v  ( t )    represents the real-time measurement vector of the tree-phase voltage in grid when the transient overvoltage appears. The   X  ( t )    represents vector of time-varying matrix coefficient. The  W  is parameter vector waiting for estimation containing characteristics quantity of the transient overvoltage.




2.4. Confirmation of Effective Value and Phase Jump of Transient Overvoltage


According to the need for simultaneous detection of three-phase voltages in the power grid, an improved minimum mean square learning rule neural network is used to estimate the transient overvoltage characteristic parameter parameter vector    N N   .   W  ( 3 )  =  V +  cos  ϕ +   .   W  ( 4 )  =  V +  sin  ϕ +   . Therefore, the effective value and phase position of the positive sequence are shown in the Formulas (5) and (6).


   N N  =    V +   /   2    =     W    ( 3 )   ∧  2 + W    ( 4 )   ∧  2  2     



(5)






  θ = arctan   W  ( 4 )    W  ( 3 )     



(6)







According to Formulas (5) and (6), the characteristic can be operated and recognized immediately without any extra operation.





3. Experimental Analysis


3.1. Analysis on Extraction Ability of Symmetrical Components


The three-phase voltage in the grid is decomposed into the superposition of positive-sequence component, negative-sequence component, and zero-sequence component under the condition of transient overvoltage. According to the proposed algorithm, the waveform of decomposition process of the symmetrical components is shown in Figure 5.



It can be seen from Figure 5 that the proposed algorithm can decompose the three-phase voltage into a positive-sequence component, negative-sequence component, and a zero-sequence component rapidly and precisely after transient overvoltage. It can provide the basis for the characteristic recognition of the transient overvoltage and subsequent compensation control.




3.2. Characteristic Recognition on Effective Value and Phase Jump of Positive-Sequence of Transient Overvoltage


To identify the validity, the proposed algorithm is compared with the recognition algorithm based on the dq transformation method. Because of the 100 Hz signal of the negative-sequence component generated after the dp transformation, the Butterworth digital low pass filter with four orders and 60 Hz cut-off frequency is chosen after weighing the delay time and filter effect in the algorithm based on the dp transformation. To compare the property of two recognition algorithms, index parameters are defined as follows:




	(1)

	
Actuation time    t 1   . It is the time that effective value curve of the detected positive-sequence component crossing the 90% normal voltage fundamental wave takes from the moment when the transient overvoltage occurs or ends.




	(2)

	
Adjustment time    t 2   . It is the time that effective value curve of the positive-sequence component entering and maintaining within ±3% error range of effective value of actual positive sequence component takes from the moment when the transient overvoltage occurs or ends.




	(3)

	
Effective value precision    σ 1   . It is the maximum deviation between the detected fundamental wave effective value and the actual fundamental wave effective value after the transient overvoltage is stable experiencing the adjustment time    t 2    test, which is represented as percentage of the actual fundamental wave effective value.




	(4)

	
Phase position precision    σ 2   . It is the maximum deviation between the detected fundamental wave phase position and the actual fundamental wave phase position after the transient overvoltage is stable experiencing the adjustment time    t 2    test, which is represented as percentage of the actual phase jump.









The following experimental verification is used. This paper uses EMTP software to identify the transient overvoltage characteristics during the start and recovery of the sag. Among them, the filter voltage is 12 V, the current is 30 A, the sum of the arcing coil loss resistance and damping resistance is set to 200 Ω, the inductive reactance is 10 Ω, and the power factor is 0.8. Based on this, the transient overvoltage characteristic detection experiment is completed.



The effective value and phase position waveform of the detected positive-sequence component during the starting and recovering process are shown in Figure 6 and Figure 7, respectively. Table 1 compared the index parameters of the two algorithms during the starting and recovering process.



It can be seen from the Figure 6 and Figure 7 and Table 1 that both the amplitude value and phase position detection of the proposed algorithm start to act with hardly any delay when the transient overvoltage occurs. While the normal algorithm with low pass filter based on the dq transformation inevitably has some delay. The proposed algorithm is almost zero steady state error during the characteristic recognition, while the error of the normal algorithm is fluctuant because of the restriction of filter design. To improve the detection precision, the only way is to increase the order of filter or reduce the cut-off frequency, which brings out increase of response time inevitably.



As shown in Figure 6, because of the too fast rate of descent, the proposed algorithm shows larger overshoot when it becomes stable during the transient overvoltage begins. It rises the adjustment time, which is the undesirable. Thus, the algorithm needs further improvement. It can be seen from Table 1 that the proposed algorithm has advantages in detection of effective value, speed of phase variation and precision compared with the algorithm based on the dq transformation.




3.3. Recognition of Waveform Characteristics of Transient Overvoltage


The waveform characteristics, including peak value, wavefront time, steepness, frequency, and the number of re-strike are obtained via the statistic analysis using the proposed algorithm. The probability distribution of maximum transient overvoltage without pre-charging DC voltage of the rapid and slow disconnecting switch is shown in Figure 8.



As shown in Figure 8, the maximum of transient overvoltage is 2.24 pu. The major frequency range is 6–8 MHz and the maximum frequency is 60 MHz, respectively. It is shown that the disconnecting switch with damping resistance can reduce the maximum of transient overvoltage to 2.24 pu.



In order to further verify the recognition effect of this method, the accuracy of voltage recognition under different methods is tested, and the results are shown in Figure 9.



According to Figure 9, different methods have different voltage recognition accuracy, and they are all above 70%.Taking the group 4 experiment as an example, the recognition accuracy of the method in this paper is 96%.The recognition accuracy of the method for identifying voltage characteristics based on EMTP is 87.4%.The recognition accuracy of the approach based on perturbed gradient is 78%. The recognition accuracy of the control method in remote surgical robot system is 78%. The other three methods are obviously not as accurate as the method in this paper, which indicates the voltage identification characteristics of the method in this paper.





4. Discussion


Comparing the convergence of different methods; the results are shown in Figure 10.



The analysis of the above figure shows that the convergence of different methods is different. Compared other important methods, this method has the best convergence.



With the vigorous development of national economy, the electric power industry has been reformed and perfected, and has become more modern. Currently, a very fast transient phenomenon generated by the disconnecting switch operation in the GIS has received extensive attention from researchers, in which the overvoltage is called as very fast transient overvoltage with the most important characteristics of high amplitude and steep wave front. Therefore, it causes threats towards the equipment insulation, especially for the extra-high voltage equipment. At present, the experimental investigation on transient overvoltage in the extra-high voltage GIS is still scarce due to the restriction of test conditions and measuring means around the world. Hence, to satisfy the requirement of design and operation of extra-high voltage projects and equipment in China, it is necessary to carry out large-scale experimental studies for the characteristic of transient overvoltage in the extra-high voltage GIS. For that purpose, the State Grid Corporation of China set up the project of actual measurement and simulation research on the transient overvoltage in the UHV GIS/HGIS equipment in 2009. The test loop of transient overvoltage in the extra-high voltage GIS was built in the base of extra-high voltage AC test in Wuhan and the large-scale experimental study was carried out. Several beneficial results were obtained. On that basis, the recognition algorithm of transient overvoltage characteristic based on symmetrical components estimation is proposed in this article. The transient overvoltage is further measured and the characteristic of the transient overvoltage is recognized via the symmetrical components estimation.



Signals of electrical power systems are almost three-phase sinusoidal signals. When the value of amplitude of a group of the three-phase sinusoidal signal is equal and the phase difference is 120°, the three-phase electrical power system is balanced. Otherwise, the system is unbalanced. The symmetrical components theory considers that the signal of asymmetrical three-phase electrical power system can be decomposed into three signals with positive sequence, negative sequence, and zero sequence. When the power system operates in the known frequency state, the signals with positive sequence, negative sequence, and zero sequence only depend on their amplitude value and phase. Thus, the operation state of the power system depends on the amplitude value and phase of the three signals. Therefore, the symmetrical components theory becomes an important tool to analyze the transient overvoltage of the three-phase extra-high voltage electrical power system. At present, the symmetrical components theory has been widely applied in the digital protection, harmonic governance, and fault analysis of the power system element.



The algorithm proposed in this article is deduced in detail via the theoretical formula. It is applied to the actual characteristic recognition of the transient overvoltage. The reliable recognition results are obtained via the simulation analysis. Meanwhile, the computation speed of the algorithm is fast and the memory occupation is small. However, compared with other algorithms, the time advantage of the algorithm has not been analyzed and compared in detail, which is suggested to be further studied in the future work.




5. Conclusions


To satisfy the requirement of real-time characteristic recognition, when the transient overvoltage appears in the ultra-high voltage grid, the generation mechanism is studied. The symmetrical components theory is used to build the symmetrical components model of the three-phase voltage in the gird. According to the requirement of simultaneous detection on the three-phase voltage, the parameter vector of characteristic quantity of the transient overvoltage is estimated in real time via the modified neural network of the least mean square learning rule. The principle of the algorithm is simple. The operand is small and detection precision is high. Therefore, the algorithm is suitable for the real-time detection. The simulation results show that the algorithm can satisfy the requirement of characteristic recognition well. Although the algorithm is verified via the simulation experiment, it still needs to be further verified in the next device development.
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Figure 1. Algorithm implementation process. 
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Figure 2. Schematic diagram of transient overvoltage generation mechanism. 
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Figure 3. Measurement principle of capacitance sensor method. 
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Figure 4. Capacitance sensor type. 
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Figure 5. Process curve of symmetric component estimation. 
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Figure 6. Detected positive sequence component effective value. 
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Figure 7. Detected phase jump of positive sequence component. 
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Figure 8. Probability distribution of maximum transient overvoltage without pre-charging DC voltage. 
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Figure 9. Accuracy of voltage identification under different methods. 
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Figure 10. Convergence of different methods. 
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Table 1. Comparison of recognition results.






Table 1. Comparison of recognition results.





	
Recognition Algorithm

	
Algorithm in This Paper

	
Dq Transform Algorithm






	
Starting process of transient overvoltage

	
t1/ms

	
1.19

	
5.02




	
t2/ms

	
14.19

	
13.01




	
Transient overvoltage recovery process

	
t1/ms

	
5.38

	
10.19




	
t2/ms

	
14.57

	
20.79




	
σ1

	
Less than 1

	
3.58




	
σ2

	
Less than 1

	
11.88
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