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Abstract

:

With the increase in capacitor voltage transformer (CVT) operation life, CVT impedance changes, and the short-time switching of overhead lines, it is very easy to cause a transient oscillation accident in which a CVT participates, reduce the insulation level of a CVT, and even induce regional power grid oscillation and easily cause capacitor breakdown, after long-term operation with defects. In this paper, the whole power network, including the generator, power grid, and consumer, is modeled, and the theoretical model of the CVT ferro-resonance connected grid is built. The frequency spectrum analysis, and the measurements of resonance bus voltage and line voltage, were carried out to find the design method of a fast saturation damper (FSD) and its voltage–current characteristics that affect the vibration, based on theory and practice; this paper puts forward effective measures to reduce the resonance effect of a CVT in operation, and avoid the oscillation of the line and even the regional power grid system.
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1. Introduction


CVTs can make full use of the voltage separation characteristics of capacitors, which means that they are widely used in transmission networks above 220 kV. Their resonant output characteristics [1,2,3,4,5,6] directly affect the correct operation of secondary systems, such as protection, control and measurement systems. The power grid has accommodated a large number of distributed generations, as well as the changes caused by AC-DC hybridization; thus, the operation of traditional AC transmission lines is increasing. The more operation there is in the short-time switching of overhead lines, the easier it is to cause a transient oscillation accident, in which a CVT participates. It is difficult to detect the ordinary short-term power grid oscillations, which will lead to many bad results, such as a reduction in the absolute insulation of a CVT and capacitor breakdown [7] after a long-term run with defects. Thus, researching the analysis of changes in the operating parameters’ characteristics and relevant research on transient oscillation characteristics [8,9,10] plays a vital role in ensuring the security and stability of the power grid.



There are papers that have researched the effects of the CVT secondary side load, metal oxide arrester (MOA) [11], capacitor [12], parameters [9] and resonator damper [13] on the CVT harmonic measurement accuracy. The authors of [9] studied the stray capacitance of a compensation reactor, and primary winding to the ground stray capacitance of CVT had great effects on the transmission characteristics, but did not introduce an effect on the ferromagnetic oscillation of the capacitor and primary winding parameters. The authors of [13] built a model of ferromagnetic resonance damping of a CVT with a normal series saturation reactor damper, but did not introduce a ferromagnetic resonance adjustment method of the parameters. The authors of [14,15,16] carried out detailed modeling and simulation work, and carried out a convergence and stability analysis. However, for many years, we have been avoiding CVT resonance by establishing active [17], passive, power and electronic filters [18,19,20,21]. The authors of [13,22] studied the working principle of fast saturation dampers, and established an equivalent model of a fast saturation damper and a zinc oxide arrester (ZOA), and studied the influence of different parameters on ferro-resonance. The authors of [23] established an equivalent circuit model that took into account the clearance of the CVT arrester, and studied the effect of replacing the MOA with SiC on the CVT voltage deformation progress. The above-mentioned research gave conclusions with reference values [8,22], but, in actual operation, the initial state of the capacitor in the CVT cannot be obtained; in particular, the CVT parameters will change significantly after being operated for many years, and there was a lack of relevant real-time parameter identification methods in actual operation [24,25]. In addition, transient resonance is a typical non-linear process [26,27,28], and the non-linear characteristics of the inductive components in the system are difficult to describe accurately and obtain accurately. Even if the state equation can be used to describe the characteristics, an analytical solution cannot be obtained [29,30,31], so transient oscillation accidents, in which a CVT participates, still frequently occur in actual power systems.



In response to the above problems, this paper makes full use of the existing components of the equipment and models, and theoretically analyzes the non-linear ferromagnetic oscillation mechanism of a CVT with fast saturation dampers, and proposes measures to suppress the oscillation, combined with actual system failure cases and field tests to verify the effectiveness of the theory in this paper, and provide convenient and easy-to-implement solutions for actual projects.




2. Ferro-Resonance Model with CVT Participation


2.1. Modeling of Ferro-Resonance with CVT Participation


A typical CVT structure includes capacitors, medium-voltage transformers, compensating reactors, lightning arresters and secondary loads, etc. [24,25]. The primary side of the CVT and the power generation is regarded as a voltage source. Considering that there is an air gap inside the compensation reactor, it is equivalent to a series connection of linear inductance and resistance. The transformer is equivalent, and the load and damping device, connected to the intermediate transformer, is converted to the primary side [26]. To obtain a detailed equivalent schematic diagram, the stray capacitance to the ground on the primary side of the intermediate transformer and the stray capacitance of the compensation reactor will be considered. The CVT equivalent circuit was established as shown in Figure 1.



In Figure 1, C is the series equivalent capacitance of the CVT high-voltage capacitor, medium-voltage capacitor, and power generation overhead line stray capacitor; Cs is the stray capacitance of the compensation reactor; Czs is the stray capacitance of the medium-voltage transformer to the ground; and Lb and Rb are the inductance and electrical notations of the compensation reactor coil, respectively. Lzb and Rzb are the leakage inductance and resistance of the primary winding of the medium-voltage transformer, and Rm and L1c are the resistance of the excitation branch of the intermediate transformer and inductance, respectively. LT1, LT2 and LT3 are the leakage inductance of the metering, measuring and protection winding, respectively; Rf1, Rf2, and Rf3 are the total resistance of the metering, measuring, protection winding and load; LTz is the inductance of the fast saturation-type damper; and Rfz is the resistance of the fast saturation damper.



Assuming that ferro-resonance occurs when the CVT is connected to the grid, the ferro-resonance circuit is equivalently modeled, according to the CVT equivalent diagram in Figure 1. In the initial closing state, the initial value of CVT capacitor voltage [27] is zero, and it is assumed that the meter winding, measurement winding and protection winding sides all have no load. Since the value of stray capacitance is too small, this parameter is not considered, unless it is in the high-frequency state. The ferromagnetic resonance [28] produced by the CVT is mostly frequency division resonance, so stray capacitance is ignored and low frequency is established. The effective model combines the leakage inductance and DC resistance of the primary side of the intermediate transformer with the equivalent inductance and resistance of the compensation reactor. Based on the equivalent schematic diagram in Figure 1, the ferromagnetic resonance circuit for the CVT grid-connected operation is established and the model is shown in Figure 2.




2.2. Simple Modeling of Ferro-Resonance CVT Participation


In Figure 2, C is the total capacitance of the high-voltage and medium-voltage capacitors and power generation overhead line stray capacitor; L is the sum of the inductance of the compensation reactor and the leakage inductance of the medium-voltage transformer; and R is the DC resistance of the primary winding of the medium-voltage transformer and the compensation reactor. L1 is the excitation inductance of the intermediate transformer, and Rm is the excitation resistance of the intermediate transformer. It can be observed from Figure 2 that when the power frequency is connected to the grid, the magnetizing inductance of the intermediate transformer acts as a non-linear element, to form a series ferromagnetic resonance circuit with C and L.





3. Mathematic Model and Model Simulation Analysis


3.1. Mathematic Model Analysis


Assuming that the excitation characteristics of the non-linear inductor L1 are fitted by odd-power polynomials, the excitation characteristics of L1 are, therefore, set as the following:


  i  φ  = a  φ n  + b φ  



(1)




φ is the magnetic flux and i is the current flowing through the non-linear inductor. Thus, according to Kirchhoff’s current law,


   i z  =  i r  + i  φ  =  1   R m      d φ   d t   + a  φ n  + b φ  



(2)







According to Kirchhoff’s voltage law,


  U s  t  = v +  i z  R + L   d  i z    d t   +   d φ   d t    



(3)




where v is the voltage of the capacitor. Combining Formulas (1)–(3),


     d 2  φ   d  x 2    = −    R m  R  L    a  φ n  + b φ   −  R m    a n  φ  n − 1   + b −  1 L      d φ   d t   −  R L    d φ   d t   −    R m   L  v +    R m   L  U s  t   



(4)







In order to obtain the differential equation describing the system, obtain:


         x 1  = φ        x 2  =   d φ   d t          x 3  = v        



(5)







In order to obtain the third-order non-autonomous differential equation, obtain:


        d  x 1    d t   =  x 2        d  x 2    d t   = −    R m  R  L  ( a  x 1    n  + b  x 1  ) −  R m  ( a n  x 1     n − 1   + b −  1 L  )  x 2       −  R L   x 2  −    R m   L   x 3  +    R m   L  U s ( t )       d  x 3    d t   =  1  C  R m     x 2  +  1 C  ( a  x 1    n  + b  x 1  )      



(6)







This differential equation cannot obtain its analytical solution, but can only achieve its numerical solution, so the model is verified by simulation. After the CVT oscillates for a period of time, the line keeps trying to find the balance point. It can be observed from Figure 2 that the CVT impedance is as follows:


  Z = R + j ( ω L −  1  ω C   ) +    R m  j ω  L l     R m  + j ω L   = R +    R m    ( ω  L l  )  2     R m    2  +   ( ω  L l  )  2    + j   ω L −  1  ω C   +        R m    2  ω  L l     R m    2  +   ( ω  L l  )  2       



(7)







When a transient resonance equilibrium point exists,    ω N  = 1 /   L C    , the impedance imaginary part is zero; suppose   k =  ω N   L i  / n  R m   , substitute these values into Equation (7) to obtain the following equation:


    k  R m    1 +  k 2    =  1   ω N  C   ( n −  1 n  )  



(8)







When dRm/dk = 0, one can obtain (ωNC)−1(n − n−1)(1 − k−2) = 0, k = 1, where    d 2   R m  z /  d 2  k = 0  . Therefore, Rm has an extreme value,    R m  = 2   (  ω N  C )   − 1   ( n − 1 / n )  , which can be converted to a secondary measurement using the following equation:


  R z =    U 2 2     U 1 2    ×  2   ω N  C   ( n −  1 n  )  



(9)







In Equation (9),    U 1    is the primary tap voltage of the CVT medium-voltage transformer and    U 2    is the residual voltage winding voltage of the medium-voltage transformer, connected to a fast saturation damper.




3.2. Model Simulation Analysis


According to the modeling circuit that generates ferromagnetic resonance when the CVT is connected to the grid, a CVT simulation model is established in Simulink, to verify the model circuit. A saturable transformer is used to simulate the non-linear excitation characteristics of the intermediate transformer, and the on–off of the circuit breaker is used to simulate the CVT grid-connected operation. The saturable transformer model in Simulink is shown in Figure 3.



This model contains all the parameters of the transformer in the ferromagnetic resonance modeling circuit. To simulate the actual CVT ferro-resonance process, the secondary and tertiary sides of the intermediate transformer must be empty. Among them, a power frequency voltage source is used; the classic high-voltage divider capacitors are 5.65 nF and 81.1 nF, and the primary side DC resistance and leakage inductance of the intermediate transformer are 228 Ω and 58.3 H, respectively. The equivalent resistance value and the inductance value of the compensation reactor are 106 Ω and 104 H, respectively [9]. The excitation resistance of the intermediate transformer is 37.5 Ω. The Simulink simulation of the CVT secondary side waveform is shown in Figure 4.



It can be observed from the time-domain waveform that the secondary voltage is clearly distorted. The FFT analysis function in Powergui is used to perform a frequency-domain analysis of the waveform, and the frequency spectrum is shown in Figure 5.



As can be observed from the spectrum, in addition to power frequency, 1/3 harmonic frequency, containing the larger magnitude, can prove that 1/3 frequency harmonic resonance occurred at the same time, which proves the correctness of the CVT ferromagnetic resonance modeling.





4. Model Verification and Data Analysis


When the CVT works normally, since the CVT itself is composed of a capacitor and non-linear inductance, the initial moment of closing (such as closing, secondary short circuit and elimination of short circuit, etc.) may produce oscillations, and most of these are divided oscillations, which is relatively normal. After a few milliseconds, the oscillations gradually disappear. The development process of CVT ferromagnetic resonance of a 220 kV line is completely consistent with the theory in this paper. When the line is connected to the grid, the line voltage oscillates and slowly evolves into regular fluctuations (there is no load at this time). The CVT situation is as follows:



	(1)

	
Tested CVT parameters







Nameplate parameters of CVT are shown in Table 1.



The frequency-domain analysis of the CVT secondary waveform shows that the ferromagnetic resonance frequency is mainly concentrated at 15 Hz, as observed in Figure 6 and Figure 7.



	(2)

	
Oscillation







It is obvious that phase A, B, C and N voltages gradually appeared, with regular oscillations occurring thousands of times, as shown in Figure 8. The line length is 90.15 Km. The PMU of a 220 kV substation on the opposite side did not detect any fluctuations and did not trigger the fault recorder on the opposite side.



From Figure 9, when the line is cut up, it can be observed that the phase A voltage is 53.5 V, the secondary voltage distortion is obvious, the phase B voltage is 64.6 V, the secondary voltage distortion is obvious, and the phase C voltage is 54.1 V, the secondary voltage distortion is obvious at the beginning, and it shows a perfect zero wave after about 100 ms. Therefore, the reason for the voltage oscillation of the line is the A and B phase CVT, where ferro-resonance causes deviations in the measured values.



	(3)

	
CVT parameter test and verification







To verify whether the equipment is damaged, the CVT site was re-checked for insulation resistance, dielectric loss, and capacitance, according to the preventive test procedure. The insulation resistance test in the previous section is mainly for the overall insulation resistance, after the high-voltage capacitors C11 and C12 are connected in series. The next section of the insulation resistance test is mainly for the insulation resistance of the medium-voltage capacitor C2; the insulation resistance N-terminal test is mainly for the insulation resistance of the last screen of the medium-voltage capacitor C2 to the ground. The test results show that they are all greater than 100 MΩ. The dielectric loss and capacitance test mainly concentrate the dielectric loss and capacitance of the high-voltage capacitors C11 and C12, and the medium-voltage capacitor C2. The test results are shown in Table 2 and Table 3. No abnormality was found, meeting the IEC 61869-5:2011 “Instrument Transformers—Part 5: Additional requirements for capacitor voltage transformers” and the DL/T 596-1996 “Preventive Test Procedures for Electrical Equipment”. The field test is shown in Figure 10.



The total capacitance is the sum of the series capacitance values of the high-voltage capacitors C11 and C12, and the medium-voltage capacitor C2. Through the pre-test data, the total capacitance of phase A is 5.246 nF, the total capacitance of phase B is 5.313 nF, and the total capacitance of phase C is 5.289 nF. The standard total capacitance of the nameplate is 5.618 nF, that is, after years of operation, the capacitance value of the current three-phase CVT decreased to varying degrees. There is almost no oscillation in the C phase, although the A and B phases oscillate. The capacitance value is just above the maximum and minimum. The explanation from the capacitance does not make sense.



The primary tap voltage value of the medium-voltage transformer is the phase voltage multiplied by the total capacitance, and then divided by the medium-voltage capacitance C1 value. According to the pre-test data in Table 2 and Table 3, the A phase is    U 1  = 13.55   kV   in Formula (10), B phase is    U 1  = 13.25   kV  , and C phase is    U 1  = 13.18   kV  , respectively.



	(4)

	
Damper parameters and test







The dampers used in domestic CVT products [30] are mainly divided into the following three types: resistive dampers, resonance dampers, and fast saturation reactance dampers, as shown in Figure 11. In this case, the CVT adopts a fast saturation damper and it is connected to the da-dn winding, and the iron core is made of Permalloy. The actual product shape is shown in Figure 12.



To test the parameters of the existing CVT fast protection damper [31], the following method is used: (1) A multimeter is used to measure the resistance of the A, B, and C three-phase dampers, and the resistance values are 5.43 Ω, 5.32 Ω and 5.42Ω, respectively. (2) A 5 Ω pure resistance is connected in series with the reactance circuit, and then the reactance is measured. The current and voltage of each point are measured under the power frequency voltage. The specific voltage–current characteristics are shown in Table 4.



According to the data in Table 4, the voltage–current characteristic curve for each phase of the line can be drawn. The iron core of the existing CVT fast protection damper is made of Permalloy material [32,33]; according to the Permalloy material magnetic field intensity–magnetic induction intensity curve [34], combined with the manufacturer’s many years of manufacturing experience, it is known that the damper parameters are qualified if the index requirements in Table 5 are met. As shown in Figure 13, when the voltage exceeds 120% of the rated voltage, the phase A current increases slowly, and the three-phase current is 3.8% less than average.



According to the on-site test results, the equipment manufacturers, inspection units, and relevant personnel of the operating units comprehensively conducted the dielectric loss and capacitance tests, wiring circuit inspections, and damper inspections. They all agreed that the CVT dampers had normal characteristics and normal harmonic elimination functions.



When there is a transient equilibrium state in the CVT ferromagnetic oscillation process, if one places the data in Table 1, Table 2 and Table 3 into Formula (9), considering the safety factor, the equilibrium total impedance of the fast saturation damper is 200 Ω, but the actual impedance is less than 200 Ω; therefore, ferromagnetic oscillation occurs.




5. Discussion and Mechanism Analysis


The volt-ampere characteristics of the damper must be adjusted before assembly, to ensure the transient response characteristics of the CVT, suppress the ferromagnetic resonance performance, and facilitate the accuracy adjustment, after many years of operation. It can be observed from Figure 8 that the voltage measurement values of the winding coils 1 and 2 of the A and B phase CVTs are the same, so the possibility of coil damage is ruled out. It was initially suspected that the dampers of the A and B phases were defective, or at least that the relevant parameters of the dampers may be offset (after 17 years of operation), causing a certain line to oscillate. After discussion and analysis, the possible reasons for the A and B phase voltage fluctuations are as follows:




	(1)

	
The bus voltage and other line voltages are normal during charging, indicating that system resonance does not occur, and resonance occurs inside the 220 kV line CVT. The reason for this is that the line is charging. The initial phase angle of the A and B phase voltages and the residual magnetism of the transformer just meet the resonance conditions, causing internal ferromagnetic resonance of the transformer, and voltage fluctuations. Because the damper is not in the best working condition, the inductor coil parameters deviate and cannot be improved. One must eliminate the internal ferromagnetic resonance of the transformer.




	(2)

	
The 220 kV line is long. To avoid voltage that is too low at the end of the line, the CVT is designed according to the 242/√3 kV voltage level, and the configured damper parameters are also designed according to the 242/√3 kV voltage level. However, the actual line adopts a variety of methods to reduce impedance. The actual line voltage attenuation is less than 2%, that is, the line operating voltage does not reach the design value (220/√3 kV × 110%), and the damper does not operate at the rated voltage, meaning that the damper is not in the best working condition.




	(3)

	
During normal operation of the line CVT, the secondary load is required to be between 25% and 100%, and the secondary load is no-load at the moment of line charging, which affects the resonance elimination effect of the damper.









In the project, which is grid-connected to prevent resonance, the preventive measures taken for this line are as follows:




	(1)

	
To avoid abnormal voltage fluctuations, caused by the internal ferromagnetic resonance of the transformer during charging of the overhead line, the resistance is connected in parallel with the residual voltage winding circuit of the CVT, and one must ensure that the total impedance of the fast saturation damper is 200 Ω, and that the manufacturer has made the same type of CVT in the factory. Correlation tests can effectively suppress the internal ferromagnetic resonance of the transformer, but they will slightly affect the measurement accuracy.




	(2)

	
After the charging is normal, one must cut off the residual voltage winding circuit and connect the resistance 200 Ω in parallel to prevent measurement errors, and the CVT can work normally.










6. Conclusions


This article established a CVT low-frequency equivalent model, starting from the 220 kV no-load line LC oscillation to the oscillation equilibrium state, respectively, and theoretical calculations were carried out. In this case, the first step was to suspect that the CVT equipment was damaged (such as an insulating air gap or a breakdown, etc.); therefore, two preventive tests were carried out under different temperature and humidity conditions, and the two test results proved that the dielectric damage and capacitance of the capacitor were correct. The second step, learned from the theoretical analysis, found that the damper exhibited low-frequency oscillation of the CVT functional relationship, and we suspected that there was an abnormality in the damper equipment. The actual measurements of the parameters of the fast saturation damper were carried out, according to the damper voltage–current characteristic curve, and there were no problems with the damper, but the A and B phases were not as good as the C phase characteristics. For the third step, the damping characteristics of the oscillation balance were used to obtain the formula of the maximum resistance Rz, which were 176.37 Ω, 182.12 Ω, and 184.90 Ω. For the fourth step, considering safety in engineering, the maximum capacitance was floated by 10%, and the CVT residual voltage winding circuit was connected in parallel with 200 Ω. The resistance of the line was charged again, and there was no oscillation after the grid connection, which proves that the theory in this paper is correct.
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Figure 1. Equivalent schematic diagram of CVT. 
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Figure 2. Simplified equivalent schematic diagram of CVT. 
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Figure 3. Saturable transformer model in Simulink. 
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Figure 4. Simulink simulation of the CVT secondary side waveform. 
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Figure 5. Simulink simulation of the CVT secondary side frequency spectrum. 
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Figure 6. Time-domain waveform of the single-phase waves. 
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Figure 7. Frequency spectrum of the single-phase waves. 
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Figure 8. Transient voltage fluctuation of A, B, C, and N in line disconnected. 
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Figure 9. Transient voltage fluctuation of A, B, C, and N in line cut. 
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Figure 10. Field test. 
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Figure 11. Type of damper. 
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Figure 12. Fast saturation damper. 
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Figure 13. V-I characteristic curve of fast saturation damper. 
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Table 1. Nameplate parameters of CVT.
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	Model
	TYD242/√3 − 0.005 H





	Rated Voltage
	242 kV



	Frequency
	50 Hz



	Capacity

Protection, Control, Measurement Capacity
	0.005618 uF

25 VA
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Table 2. Insulation resistance test results.
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	Test Place
	A/GΩ
	B/GΩ
	C/GΩ





	Previous
	
	
	



	(high-voltage capacitor)
	1.73
	1.32
	1.64



	Next
	
	
	



	(medium-voltage capacitor)
	1.73
	1.32
	1.64



	N
	2.17
	2.20
	6.45
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Table 3. Dielectric loss and capacitance test results.
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Test Capacitor

	
Tanδ%

	
Cx/nF

	
CN/nF

	
ΔC/%






	
A

	
C11

	
0.123

	
10.52

	
10.51

	
+0.10




	
C12

	
0.126

	
12.99

	
12.98

	
+0.08




	
C2

	
0.139

	
54.08

	
54.03

	
+0.09




	
B

	
C11

	
0.134

	
10.65

	
10.64

	
+0.09




	
C12

	
0.132

	
13.10

	
13.09

	
+0.08




	
C2

	
0.141

	
55.99

	
55.88

	
+0.20




	
C

	
C11

	
0.105

	
10.54

	
10.53

	
+0.09




	
C12

	
0.091

	
13.08

	
13.07

	
+0.08




	
C2

	
0.118

	
56.05

	
55.99

	
+0.11
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Table 4. Dielectric loss and capacitance test results.
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U/V

	
Phase A

	
Phase B

	
Phase C




	
I/A

	
R/Ω

	
I/A

	
R/Ω

	
I/A

	
R/Ω






	
DC10

	
0.96

	
5.43

	
0.97

	
5.32

	
0.96

	
5.42




	
AC100

	
0.00

	
—

	
0.00

	
—

	
0.00

	
—




	
AC120

	
0.03

	
—

	
0.03

	
—

	
0.03

	
—




	
AC122

	
0.05

	
—

	
0.06

	
—

	
0.07

	
—




	
AC124

	
0.21

	
—

	
0.23

	
—

	
0.27

	
—




	
AC130

	
2.18

	
—

	
2.52

	
—

	
2.57

	
—




	
AC150

	
7.11

	
—

	
7.42

	
—

	
7.65

	
—
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Table 5. The qualified standard for voltage–current characteristics of dampers.
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	Voltage (V)
	120
	122~124
	150





	Current(A)
	<0.1
	0.2 occur
	>5
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