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Abstract

:

In recent years, the zero-mode inrush current of high-impedance transformer with built-in high-voltage winding (T-Hin), which has large amplitude and decays slowly, causes the misoperation of zero-sequence overcurrent protection. Compared with magnetizing inrush current, the waveform of zero-mode inrush current is inconsistent and irregular, and few researches have proposed the mathematical analysis as well as the improved protection using waveform characteristics. In this paper, the mathematical expression of transformer zero-mode inrush current is derived. Further considering the parameter differences, the zero-mode inrush current of T-Hin is larger, which tends to cause the misoperation. The mathematical waveforms fit well with the recorded waveforms. Both recorded waveforms and mathematical waveforms in various conditions prove that the second harmonic ratio (the ratio between the second harmonic and first harmonic) of zero-mode inrush current is significant. Based on the above analysis, a criterion based on the second harmonic ratio restraint of zero-mode inrush current is proposed. If the second harmonic ratio exceeds the setting value, it is considered that the inrush current is generated and sends a signal to restrain the protection. The theoretical setting value of the proposed criterion and the practical engineering method for determining the setting value are obtained.
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1. Introduction


In the process of transformer energization or the voltage recovery after the removal of external fault, a large magnetizing inrush current (including sympathetic inrush current) will occur [1,2,3]. The magnitude of inrush current may be as high as ten or more times that of transformer rated current. The fault current is caused by short circuit fault in the power grid. Though the magnitude of inrush current may be less compared to short circuit current, the frequency and its duration can lead to more adverse effects compared to other faults. An inrush current is a transient current with high amplitude and contains a significant and slowly decaying DC component. So far the physical mechanism of magnetizing inrush current, the discrimination between magnetizing inrush current and fault current, the impact on transformer differential protection and its countermeasures have been extensively discussed in many researches [4,5,6,7,8]. However, the zero-mode inrush current, which is the sum of the instantaneous values of the three-phase magnetizing inrush current (3i0 = iA + iB + iC), has hardly been discussed in-depth. It may cause the misoperation of zero-sequence overcurrent protection of nearby equipment (backup protection) when the transformer is energized. The zero-sequence current obtained by the protection, which is the core cause of misoperation, is the fundamental frequency component of the zero-mode inrush current. The zero-mode current and the zero-sequence current with different physical meaning are often misclassified. Compared with zero-sequence current, zero-mode inrush current has richer frequency content. The zero-sequence current (3I0) is the fundamental RMS value of the zero-mode current (3i0), and the zero-mode current is the sum of the three-phase currents (3i0 = iA + iB + iC), as shown in Figure A1. The zero-mode inrush current is the zero-mode current which is generated when the transformer is energized. The zero-mode inrush current belongs to the zero-mode current.



The misoperations did not occurred frequently for a long time in the past and did not attract enough attention. With the increase of grid capacity [9], some new kinds of high-impedance transformer have been widely used [10,11] to limit short-circuit current [12]. However, when the high-impedance transformer (especially the high-impedance transformer with built-in high-voltage winding, T-Hin for short) is energized, the zero-sequence overcurrent protection of the bus connection switch and even the upper-level line will misoperate beyond their protection range, which seriously threatens the safety and stability of the power grid. By analysing the recorded waveforms, the initial value of zero-mode inrush current, as well as its fundamental frequency component obtained by the zero-sequence current protection, is much larger than usual. After the delay time of the zero-sequence overcurrent protection, its value is still larger than the setting value, which is the direct cause of the misoperation. The criterion of zero-sequence overcurrent protection cannot discriminate between zero-mode inrush current and grounding fault current. In order to avoid misoperation, the zero-mode inrush current should be distinguished separately. In order to accurately obtain the waveform characteristics and propose identification criterions, it is urgent to carry out the mathematical analysis for the zero-mode inrush current and obtain its analytical model.



The zero-mode inrush current has been noticed for a long time [13]. References [14,15] illustrate that the zero-mode current is generated by three-phase asymmetric magnetizing inrush current, and [14,15] give the zero-mode inrush current waveforms under different remanence and closing angle through simulation. References [16,17,18] analyse the characteristics of zero-mode inrush current and its impact on the zero-sequence overcurrent protection of transformer, line and bus bar through simulation. Reference [19] takes use of centre-of-gravity amplitude of the phase space distribution to identify the zero-mode inrush current and carries out the simulations in a 12-pulse converter unit scenario, where two parallel converter transformers are connected by Yd and Yy respectively. However, it cannot be proved whether it can solve the problem of zero-sequence protection misoperation caused by the single transformer energization. Additionally, the setting value of the criterion is obtained only by simulation experience without theoretical explanation. Reference [20] derives the zero-mode current and equivalent circuit of transformer and analyses the determinants of waveform of the zero-mode inrush current. In order to solve the problem of misoperation of zero-sequence overcurrent protection, the paper points out two possible research directions for subsequent implementation: one is “reducing the self-leakage inductance of secondary delta winding”, the other is “the second harmonic ratio criterion”. However, this method has not yet carried out theoretical proof of validity, nor does it have a method for determining the setting value. In summary, the above papers studied the zero-mode inrush current by means of simulations, and few theoretical and mathematical analytical studies on the characteristics of zero-mode inrush current and its waveforms have been proposed. The simulation is carried out under specific scenarios and parameters. The conclusions about the zero-mode inrush current and the determination of setting value of the identification criteria are not rigorous. There is still a lack of improved research on zero-sequence overcurrent protection. There are many accidents in substations where the zero-sequence overcurrent protection misoperated when the T-Hin was energized. The direct cause is that the zero-mode inrush current and its fundamental component (zero-sequence current) of T-Hin has a larger amplitude and exceeds the zero-sequence protection setting value for a long time. In order to propose a method to avoid misoperation, the zero-mode inrush current should be studied comprehensively. The waveforms of zero-mode inrush are inconsistent and irregular, and few studies have proposed the mathematical analysis as well as the improved protection using waveform characteristics. In this paper, based on the derivation of single-phase magnetizing inrush current, the mathematical expression of the zero-mode inrush current is derived. According to the mathematical expression and parameters of the T-Hin, it is found that the zero-mode inrush current of T-Hin is larger, which is more likely to cause the misoperation of zero-sequence overcurrent protection. The waveform obtained by mathematical expression fits well with the recorded waveforms, which verifies the correctness of mathematical expression. Both recorded waveforms and mathematical waveforms in various conditions (no remanence, symmetric remanence and random remanence in the three-phase iron core) prove the second harmonic ratio of zero-mode inrush current is high. A criterion based on the second harmonic ratio restraint of zero-mode inrush current is proposed. The theoretical setting value of the proposed criterion and the practical engineering method for determining the setting value are obtained.




2. Analytical Model of Zero-Mode Inrush Current of Y0/Δ Transformer


2.1. Derivation of Single Transformer Magnetizing Inrush Current


Figure A2, Figure A3, Figure A4 and Figure A5 are four sets of recorded waveforms obtained at the substation. Figure A1 and Figure A2 are the same recorded waveform. As shown in Figure A1, Figure A2, Figure A3, Figure A4 and Figure A5, the phase current (iA, iB, iC) and zero-mode current (3i0) are slowly attenuated after the circuit breaker is connected, and the attenuation process is long and will last for many seconds. However, the effect of attenuation is small during several cycles after connecting. Therefore, although the inrush current is a transient process during this period, the inrush current waveform can be treated as a periodic function for obtaining the feature in several cycles. Therefore, it is considered that there is no attenuation when the formula is derived, and the resistance is ignored. First, the magnetizing inrush current of the single-phase transformer is analysed. For the closing loop circuit, ignoring the resistance [21], the ψ can be calculated as follows:


dψdt=Ussin(ωt+α)



(1)




where, Ussin(ωt + α) is system voltage instantaneous value of phase A. α is the angle at which the transformer was connected. We call α the “closing angle”. ψ is the total flux linkage of closing loop circuit. It can be solved by Equation (1):


ψ=Usω[cosα−cos(ωt+α)]+ψr



(2)




where, ψ|t=0 = ψr, ψr is the core remanence, ψr = WSBr, and Br is the remanent magnetic flux density, W is the number of winding turns and S is the cross-sectional area.



The magnetization characteristic curve of the iron core is shown in Figure 1. The magnetizing characteristic curve can be expressed as ψ~i or B~H. According to the description of the magnetization curve by IEC [22], it is reasonably assumed that the curve can be simplified to the double line model, as shown in dotted line in Figure 1. Explanation of terms in Figure 1 see Appendix B. Due to the nonlinearity of the core, the differential inductance represented by the slope is a linear inductance including the system inductance and the leakage inductance.



As shown in Figure 1, the current is:


i={0                      ψ<ψSatψ−ψSatLs+Lσ+Mair         ψ>ψSat



(3)




where, ψSat = WSBSat = μ0WSJSat, JSat is the saturation magnetization. According to Equations (2) and (3), If the inrush current occur, the magnetizing current of the single-phase transformer is:


i=UsωL[cosα−cos(ωt+α)−ωμ0WSJSat−ωψrUs]



(4)




where: L = Ls + Lσ + Mair. Us = ωWSBs. ψr = WSBr. Equation (4) becomes:


i=UsωL[cosα−cos(ωt+α)−BSat−BrBs]



(5)








2.2. Derivation of Zero-Mode Inrush Current


The Y0/Δ three-phase transformer inrush current equivalent circuit is shown in Figure 2. Explanation of terms in Figure 2 see Appendix B.



Based on the theory of self-inductance and mutual inductance, the voltage differential equation is obtained:


uA−uN=LssdiAdt+LsmdiBdt+LsmdiCdt+LsdiAdt+ea=(Lss-Lsm)diAdt+Lsmd3i0dt+LsdiAdt+ea



(6)







Ls = Lss − Lsm, Ls0 = Lss + 2Lsm. Lss and Lsm are self-inductance and mutual inductance of system. After further derivation, we get:


uA=(Ls+Lσ)diAdt+(Ls0−Ls)di0dt+eauB=(Ls+Lσ)diBdt+(Ls0−Ls)di0dt+ebuC=(Ls+Lσ)diCdt+(Ls0−Ls)di0dt+ec



(7)







Ls and Ls0 are system positive sequence and zero sequence inductance. LσD is the leakage inductance of the secondary winding, and iD is defined as the circulating current of the Δ-side. As a result of conversion, the differential equation in secondary winding is:


ea+eb+ec=−3LσDdiDdt



(8)







Adding the three equations of Equation (7) and take use of “iA + iB + iC = 3i0”, we get:


(Ls0+Lσ)di0dt=LσDdiDdt



(9)







Because the initial current is zero, there is:


i0=LσDLs0+LσiD



(10)







Based on the inductance theory, the total flux linkage of phase A is:


ψA=(Ls+Lσ)iA+(Ls0−Ls)i0+Mair(iA+iD)+μ0WSJA



(11)







JA is not necessarily a saturation value. According to Equations (2), (4), (5) and (11), the current of phase A is:


iA=UsωL[cosα−cos(ωt+α)+BrA−μ0JABs]−ci0



(12)







Similarly, the currents of phase B and C are:


iB=UsωL[cos(α−120°)−cos(ωt+α−120°)+BrB−μ0JBBs]−ci0



(13)






iC=UsωL[cos(α−240°)−cos(ωt+α−240°)+BrC−μ0JCBm]−ci0



(14)






c=Mair(Ls0+Lσ)+LσD(Ls0−Ls)LLσD



(15)







The sum of Equations (12)–(14) is:


3i0=11+c×UsωL×1Bs(∑ACBr−μ0∑ACJ)



(16)







According to Equations (15) and (16), and “BJ(t) = μ0J(t)”, we get:


3i0(t)=Us(∑ACBr−∑ACBJ(t))ωBs[Mair(Ls0+Lσ)LσD+Ls0+Lσ+Mair]



(17)







According to the physical meaning of BJ(t) = μ0J(t), the “unsaturated core magnetic density” is defined:


BJ(t)={B(t)     |BJ(t)|≤BSatBSat        BJ(t)>BSat−BSat      BJ(t)<−BSat



(18)







According to Equation (2), “system total magnetic density” is defined:


B(t)=ψ(t)WS=Bs[cosα−cos(ωt+α)]+Br



(19)







According to Equations (18) and (19), three phase BJ(t) are:


BJA(t)={Bs[cosα−cos(ωt+α)]+BrA,   |BJA(t)|≤BSat BSat,             BJA(t)>BSat−BSat,             BJA(t)<−BSatBJB(t)={Bs[cos(α−120°)−cos(ωt+α−120°)]+BrB,  |BJB(t)|≤BSatBSat,               BJB(t)>BSat−BSat,              BJB(t)<−BSatBJC(t)={Bs[cos(α−240°)−cos(ωt+α−240°)]+BrC,  |BJC(t)|≤BSatBSat,               BJC(t)>BSat−BSat,               BJC(t)<−BSat



(20)







For a more intuitive vision, the image description is shown in Figure 3. The three-phase total magnetic density B(t) is a three-phase symmetrical sinusoidal waveform in the figure, and the three-phase unsaturated core magnetic density BJ(t) is the value of the solid line corresponding to the blue area in the figure.





3. The Impact of Zero-Mode Inrush Current of T-Hin on Zero-Sequence Protection


3.1. The Parameter Differences of T-Hin and Its Impact on Zero-Sequence Protection


According to Equation (17), the zero-mode current is determined by multiple parameters. The value of the zero-mode inrush current depends on the initial remanence of the three-phase iron core and the unbalance of the magnetization, which are represented by the molecules in Equation (17). When the sum of the initial remanence is zero and three phases are not saturated (the three-phase magnetization is symmetrical), the zero-mode inrush current will be zero. For one power system that connects the T-Hin and the ordinary transformer (T-Ord for short), the system voltage Us, system magnetic density Bs, system zero-sequence inductance Ls0 are all fixed values. BJ is the physical quantity related to the degree of saturation. Br is the core remanence before energization. In order to compare the magnitude of the zero-mode inrush current of the two kinds of transformers, the BJ and Br of the two kinds of transformers are considered to be the same. So the differences between T-Hin and T-Ord are Lσ, Mair and LσD. According to Reference [23], the comparisons of the three parameters of T-Hin and T-Ord are shown in Table 1, which is presented by per-unit value.



According to Table 1, the numerical difference between T-Hin and T-Ord is that the Mair of T-Hin is smaller and the LσD of T-Hin is larger. The red arrow in Equation (21) indicates whether the parameters of T-Hin become larger or smaller than that of T-Ord. Obviously, the zero-mode inrush current of T-Hin is larger than that of T-Ord.


3i0(t)=Us(∑ACBr−∑ACBJ(t))ωBs[Mair(Ls0+Lσ)LσD↑+Ls0+Lσ+Mair↓]↑



(21)







The zero-sequence inductance of an actual power system is Ls0 = 0.03 pu in the large mode which obtained from substation. According to the parameters in Table 1 and Equation (21), we get the ratio of the zero-mode inrush current of the two:


3i0(t)T-Hin3i0(t)T-Ord≈2.5



(22)







According to Equation (22), the zero-mode inrush current of T-Hin is about 2.5 times that of T-Ord. The zero-sequence current is the fundamental component of the zero-mode inrush current. According to the linear transformation relationship of the Fourier Transform, the zero-sequence current of T-Hin is about 2.5 times that of T-Ord anytime. Therefore, it is easier to cause zero-sequence protection misoperation when the T-Hin is energized. The following is analysed by recorded waveforms.




3.2. Comparation of Mathematical Waveforms and Recorded Waveforms


In a recently built 220 kV substation, and the main transformers are T-Hin (SSZ11-240 MVA/220 kV). Ten energizations are performed. The zero-sequence overcurrent protection misoperation occurs in eight times of them. The waveforms of zero-mode inrush current have different and irregular shapes. Three zero-mode inrush current waveforms are selected. Among them, the first one is normal, which the protection has not misoperated. The second one and the third one represent the misoperation of bus connection switch zero-sequence overcurrent protection zone-I and zone-II respectively (zero-sequence protection zone-I is set to 600 A with 0.2 s time delay. zero-sequence protection zone-II is set to 240 A with 0.5 s time delay). In this section, three waveforms will be represented in graphic form by mathematical expression.



3.2.1. Parameter Determination for Mathematical Expression


BJ(t) is determined by Equations (18)–(20). According to the zero-mode inrush current mathematical expression, for a certain transformer, whenever it is energized, the saturated mutual inductance Mair, the high-voltage side self-leakage inductance Lσ, the low-voltage side self-leakage inductance LσD, the system zero-sequence inductance Ls0, system voltage Us and the corresponding magnetic density Bs are fixed values. Ls0 is 0.03 pu in the large mode; Lσ is 0.14 pu; LσD is 0.22 pu; Mair is 0.07 pu; Us is 179.6 kV. For remanence, there are two categories mainly considered in power systems [24]. The first type is the remanence generated by the circuit breaker opening. Due to the symmetry of the three-phase voltage of the power system, the sum of the three-phase remanence of the iron core is zero, which is called “three-phase balanced remanence”. The second type is the core remanence caused by DC resistance test or DC bias, etc. This type of remanence has the same direction and is called “three-phase unbalanced remanence”. According to the background, the remanence is generated by multiple opening of circuit breaker, so only the first type remanence should be considered. In terms of the classical ferromagnetic domain theory and experimental tests [25,26], when the circuit breaker is suddenly open, the three-phase core remanence of the transformer will not maintain the current value, but will instantly decrease and slowly decay to a new steady state. In this paper, the remanence coefficient is Kr = 0.8, and the three-phase remanence density is determined by the following equation:


BrA=−KrBSatcosθBrB=−KrBSatcos(θ−120°)BrC=−KrBSatcos(θ+120°)}



(23)







The saturation magnetic density BSat is considered to be working magnetic density. The saturation magnetic density BSat and the system magnetic density Bs are both 1.7 T. θ is the angle at which the transformer was disconnected last time. We call θ the “opening angle”. According to Equation (23), the last opening angle could be used to represent the core remanence state. Because three phases are almost symmetrical, consider the sum of the three-phase remanence in Equation (17) is zero, namely:


∑ACBr=0



(24)







According to Equations (23) and (24), Equation (17) can be simplified:


3i0(t)=−k∑ACBJ(t)=f(α,θ)(t)



(25)







According to Equation (25), the last opening angle θ and the closing angle α are the determinants of the zero-mode inrush current waveform. The zero-mode inrush current waveform varies with the combination (θ, α). They can be obtained by observing the voltage recorded waveform.




3.2.2. The Graphical Representation


Based on mathematical fitting, the three zero-mode inrush current waveforms are represented graphs, as shown in Figure 4a, Figure 5a and Figure 6a. The angle combinations (θ, α) of the waveforms are (249°, 252°), (341°, 65°) and (250°, 167°) respectively. All the angles refer to the sinusoidal angle of the A-phase voltage. The purpose of our work is to identify the inrush current by using the zero-mode inrush waveform characteristics of the first few cycles. So the attenuation is not considered in the graphical representation of zero-mode inrush current waveform.



“Mathematical waveform” in above figure means the graphical representation of current waves based on the mathematical expression. Ij represents the fundamental RMS value of the mathematical waveform. Il represents the fundamental RMS value of the recorded waveform. kj represents the second harmonic ratio of the mathematical waveform. kl represents the second harmonic ratio of the recorded waveform. The waveform Number One does not have a protection misoperation. The waveform Number Two shows a zero-sequence zone-I misoperation of the bus connection switch, and the circuit breaker is open at 0.26 s after the operating criterion is satisfied. The waveform Number Three shows a zero-sequence zone-II misoperation of the bus connection switch, and the circuit breaker is open at 0.56 s, which did not appear in the picture.



As shown in Figure 4a, Figure 5a and Figure 6a, the mathematical expression can almost completely reconstruct the waveforms, which verify the correctness of the mathematical expression. Because of the randomness of remanence and closing angle, the magnitude of the zero-mode current is also random. For the fundamental RMS value (Ij, Il), the fundamental wave of the waveform Number One is about 100 A, which is very small and the zero-sequence overcurrent protection did not operate. But the fundamental wave of the waveform Number Two is large, and the initial value can reach 800 A. After 0.2 s, it is still larger than the zero-sequence zone-I setting value 600 A. So the protection misoperated. The fundamental wave of the waveform Number Three is smaller than the waveform 2. But the zero-sequence zone-II operating condition (240 A, 0.5 s) is satisfied, so it misoperated. In addition, we found that the second harmonic ratio (kj, kl) of the zero-mode current is high, which is an important waveform characteristic.






4. Improved Method for Zero-Sequence Overcurrent Protection Based on Second Harmonic Ratio of Zero-Mode Inrush Current


According to the above mathematical analysis and recorded waveforms, it is found that the second harmonic ratio of the zero-mode inrush current is high, which may be used as a characteristic to identify the zero-mode inrush current. However, only three sets of recorded waveforms cannot represent all conditions. It is necessary to theoretically demonstrate the second harmonic ratio of the zero-mode inrush current, and obtain the distribution of the second harmonic ratio under various conditions. Based on the mathematical analysis above, the second harmonic ratio is studied as follows.



4.1. Distribution of Second Harmonic Ratio


The remanence of the on-site transformer is generated when the circuit breaker opens, so it can be considered as symmetrical remanence. But the transformer may encounter various conditions during the system operation and maintenance. So the following analysis is divided into No remanence, Symmetric remanence and Random remanence in the three-phase iron core.



4.1.1. No Remanence in the Three-Phase Iron Core


Figure 7 is the distribution of the second harmonic ratio with the closing angle under the condition that the three-phase remanence is zero. It can be found that the second harmonic ratio of the zero-mode inrush current is high.




4.1.2. Symmetric Remanence in the Three-Phase Core


Symmetric remanence in the three-phase core is related to the opening angle. According to the numerical calculation of Equation (17), the opening angle and closing angle are selected from 0° to 360° (interval 1°), and the relationship between the second harmonic ratio of the zero-mode inrush current and the opening angle and closing angle is obtained, as shown in Figure 8.



As shown in Figure 8, the minimum second harmonic ratio of the zero-mode inrush current is about 0.25 under the premise of symmetry remanence, and the minimum value always appears at the angle combination of (330°, 150°), (270°, 90°), (210°, 30°), (150°, 330°), (90°, 270°), (30°, 210°), which is called “feature combinations” in this paper. The features of these combinations are:




	(1)

	
The angle difference between opening angle and closing angle are 180°, that is, the relative closing angle is 180°, and the remanence and bias directions of each phase are opposite;




	(2)

	
There is always one phase whose remanence and bias are both zero. For example, in the combination of (330°, 150°), the remanence and bias of phase C are zero; in the combination of (270°, 90°), the remanence and bias of phase A are zero; in the combination of (210°, 30°), the remanence and bias of phase B are zero.










4.1.3. Random Remanence in Three-Phase Iron Core


In actual cases, the magnitude and direction of the three-phase remanence may be random. Therefore, we simulated 1000 sets of random remanences, and the three-phase remanence of each group is a random numerical value in the interval of (−0.7, 0.7), and the phases are independent of each other. Figure 9 shows the relationship between the second harmonic ratio and the closing angle of 1000 sets of three-phase random remanence. It can be found that the second harmonic ratio can be very large, and the minimum value is 0.254, which indicates that the minimum value obtained in the symmetry remanence is the global minimum.





4.2. Improved Criteria


According to the above mathematical analysis, the second harmonic ratio of the zero-mode inrush current is high, and the minimum value is about 25%. When a fault occurs, the zero-mode current is similar to the sinusoidal waveform, whose second harmonic ratio is very low [27,28,29]. Single-phase grounding and two-phase grounding internal faults are simulated in PSCAD V4.6, and the simulated waveforms are shown in Figure 10. In the figure, from top to bottom, there are three-phase currents, zero-mode current with its fundamental RMS, second harmonic ratio. It can be seen that the zero-mode current is very close to the sinusoidal waveform. Although the fundamental RMS is large, the second harmonic ratio is small after one cycle of the fault. Therefore, the second harmonic ratio can be used to distinguish between fault current and zero-mode inrush current. The criteria based on second harmonic ratio will not refuse to operate when the internal fault occurs.



According to the above analysis, the second harmonic is set to 0.25. On the other hand, taking the nonlinearity and hysteresis effect of actual core magnetizing curve into account, the second harmonic ratio of zero-mode inrush current may be higher. Therefore, the restraint criterion is as follows:


I2nd%>K2xb



(26)







Where, I2nd% is the second harmonic ratio in the zero-mode inrush current, and K2xb is the theoretical setting value of the proposed criterion, which is 0.25. The specific operational behavior of criterion is that when the zero-sequence current reaches the setting value, the second harmonic ratio is judged automatically. If the second harmonic ratio exceeds the setting value, it is considered that the inrush current is generated and sends a signal to restrain the protection. Otherwise, it is regarded as a fault current and the protection device operates normally.




4.3. Setting Method in Engineering Application


The minimum value of the second harmonic ratio of the zero-mode inrush current is about 0.25. Considering the nonlinear difference of different transformer cores and other factors in actual operation, the minimum value of the second harmonic ratio of the zero-mode inrush current for a particular transformer in a specific environment may be larger than 0.25, or may be smaller than 0.25. Therefore, it is necessary to adjust according to the actual situation. If the actual ratio is larger than 0.25, the setting value should be increased to improve the reliability of protection. If it is smaller than 0.25, the setting should be reduced to prevent misoperation. According to the previous analysis, the minimum value of the second harmonic ratio is obtained under the “feature combinations” when the symmetry remanence in three-phase cores. The relative closing angle of the feature combinations is 180°, and the remanence and bias of a certain phase are both zero. Therefore, the setting value can be set according to the second harmonic ratio of the zero-mode inrush current under the “feature combinations”. Specifically, the operation is as shown in Figure 11.





5. Application of the Improved Method


The on-site recorded waveforms are used to verify this method. The three sets of recorded waveforms mentioned above are still selected for testing the operations of the zero-sequence overcurrent protection zone-I and zone-II, as shown in Figure 12, Figure 13 and Figure 14.



As shown in Figure 12, Figure 13 and Figure 14, the protection operation of the original protection is:




	(1)

	
The recorded waveform Number One did not satisfy the setting value of zero-sequence overcurrent protection zone-I and zone-II, and the protection did not operate;




	(2)

	
The recorded waveform Number Two satisfied the setting value of zero-sequence overcurrent protection zone-I and zone-II, and the protection misoperated when reaching the delay of the zone-I;




	(3)

	
The recorded waveform Number Three satisfied the setting value of zero-sequence overcurrent protection zone-I and zone-II, but does not satisfy the delay of zone-I. The protection misoperated when reaching the delay of the zone-II;









The analysis of the three sets of recorded waveforms is consistent with the actual situation. As for the improved protection, because of the reliable restraint of the improved criterion, the three recorded waveforms caused by transformer energizations have not caused protection misoperation. The improved protection retains the functionality of backup protection, with a wider protection range than differential protection. Compared to original zero-sequence overcurrent protection, the improved protection will not misoperate in the case of inrush current. Therefore, the improved method proposed is effective.




6. Conclusions


In order to analyse the mechanism of the larger zero-mode inrush current and propose a method to avoid misoperation, the work carried out in this paper is summarized as follows:




	(1)

	
Based on the derivation of single-phase and three-phase magnetizing inrush current, the mathematical expression of the zero-mode inrush current of transformer is derived;




	(2)

	
According to the mathematical expression and parameter differences between the T-Hin and T-Ord, the zero-mode inrush current of T-Hin is larger, which tends to cause the misoperation of zero-sequence overcurrent protection;




	(3)

	
The zero-mode inrush current recorded waveforms are reconstructed through mathematical expression and it is found that their second harmonic ratio is high, which is verified by mathematical analysis under various conditions;




	(4)

	
An identification method based on the second harmonic ratio of zero-mode inrush current is proposed. Then the theoretical setting value of the method and the practical engineering method for determining the setting value are obtained.









The proposed criterion is applied in the recorded current waveforms. The tests show that the improved protection will not misoperate. Therefore, the improved protection based on the second harmonic ratio restraint is effective and reliable.
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Figure A1. Recorded waveform Number One (0–3.4 s). 






Figure A1. Recorded waveform Number One (0–3.4 s).
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Figure A2. Recorded waveform No. 1 (0–0.6 s). 






Figure A2. Recorded waveform No. 1 (0–0.6 s).
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Figure A3. Recorded waveform No. 2 (0 s–0.6 s). 






Figure A3. Recorded waveform No. 2 (0 s–0.6 s).
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Figure A4. Recorded waveform No. 3 (0 s–0.6 s). 






Figure A4. Recorded waveform No. 3 (0 s–0.6 s).
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Figure A5. Recorded waveform No. 4 (0 s–0.6 s). 






Figure A5. Recorded waveform No. 4 (0 s–0.6 s).
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Appendix B


Explanation of terms in Figure 1 and Figure 2.



The electrical quantity in the Figure has been calculated to the primary winding side.





	H
	magnetic field intensity.



	B
	magnetic density



	μ0
	permeability of vacuum



	ψ
	flux linkage



	W
	the number of winding turns



	S
	the cross-sectional area



	JSat
	the saturation magnetization



	uA, uB, uC
	three-phase voltage of the system



	Ls
	positive-sequence inductance



	Ls0
	zero-sequence inductance



	Lσ
	leakage inductance of primary winding



	LσD
	leakage inductance of secondary winding



	ea, eb, ec
	induced electromotive force



	iD
	circulation current of delta winding



	Mair
	saturated mutual inductance
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Figure 1. Magnetizing characteristic curve. 






Figure 1. Magnetizing characteristic curve.



[image: Energies 12 02911 g001]







[image: Energies 12 02911 g002 550]





Figure 2. Y0/Δ three-phase transformer magnetizing inrush current equivalent circuit. 






Figure 2. Y0/Δ three-phase transformer magnetizing inrush current equivalent circuit.
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Figure 3. Three-phase magnetic density schematic diagram. 






Figure 3. Three-phase magnetic density schematic diagram.
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Figure 4. Graphical representation for waveform Number One: (a) original waveform; (b) fundamental RMS and second harmonic ratio. 






Figure 4. Graphical representation for waveform Number One: (a) original waveform; (b) fundamental RMS and second harmonic ratio.
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Figure 5. Graphical representation for waveform Number Two: (a) original waveform; (b) fundamental RMS and second harmonic ratio. 






Figure 5. Graphical representation for waveform Number Two: (a) original waveform; (b) fundamental RMS and second harmonic ratio.
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Figure 6. Graphical representation for waveform Number Three: (a) original waveform; (b) fundamental RMS and second harmonic ratio. 
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Figure 7. The distribution of the second harmonic ratio with the closing angle when the three-phase remanence is zero. 
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Figure 8. The distribution of the second harmonic ratio with the opening and closing angle: (a) front view; (b) top view. 
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Figure 9. Relationship between second harmonic ratio and closing angle under random remanences. 
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Figure 10. Fault current and its second harmonic ratio: (a) single-phase grounding; (b) two-phase grounding. 
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[image: Energies 12 02911 g010]







[image: Energies 12 02911 g011 550]





Figure 11. The operation of setting method in engineering application. 
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Figure 12. Protection behavior of waveform Number One. 
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Figure 13. Protection behavior of waveform Number Two1. 
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Figure 14. Protection behavior of waveform Number Three. 
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Table 1. The comparison of the three parameters.






Table 1. The comparison of the three parameters.





	Parameters
	Lσ
	LσD
	Mair





	T-Hin
	0.14 pu
	0.22 pu
	0.07 pu



	T-Ord
	0.14 pu
	0.09 pu
	0.2 pu
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