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Abstract

:

Electronic Capacitive Voltage Transformer (ECVT), connecting the transmission system and measuring device, is the key equipment of digital substation in the distribution network. Its frequency characteristics and the rapid transient response performance exert decisive effects on whether it is in keeping with the power quality requirements for wide frequency domain and high precision detection. Many detection methods that require special testing equipment have limitations of high-cost and complexity in project implementation. We establish the mathematical model of ECVT, which is utilized to study its integrative characteristics based on the definitions of frequency response and transient voltage error. Besides, the harmonic and transient disturbance detection performances are analyzed comprehensively with the model by simulation. Then, we propose a multi-objective parameter optimization design model with minimization of transient voltage decay duration, maximization of frequency bandwidth and minimization of transient impulse voltage, which is solved through the entropy weighting method and genetic algorithm. The analysis and optimization results indicate that selecting resistor divider through the proposed method can achieve data transmission results with acceptable accuracy. Further, its superior performance on transforming transient disturbances conforms to the distribution network’s electric energy quality requirements.
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1. Introduction


With the advancement of voltage level and transmission capacity in power system, the problem of electric energy quality is increasingly prominent and complicated for the application of various power electronics devices and the access of energy storage equipment [1]. Thus, this problem is becoming the primary concern for energy companies as serious issues affecting all voltage levels at electrical power networks. It results not only from the necessity to fulfill the requirements of promulgated regulations; it is also a consequence of not satisfying the required standards in the aspects of economy and technology [2].



Harmonic and transient disturbances are two major problems of power quality in distribution networks. As the basic equipment of primary voltage measurement, the accuracy and validity of voltage distortion data and transient disturbance signal provided by the voltage transformer are the decisive basis to determine its measurement accuracy. The traditional electromagnetic voltage transformer makes it easy to produce ferromagnetic resonance with both capacitance and inductive impedance in the line for its iron core [3]. The capacitive voltage transformer distorts the harmonic components in the power network invariably because of its structure [4]. Moreover, it is also tough to accurately reflect the transient disturbance. The Electronic Voltage Transformer (EVT) applies fiber optics to transmit signals, thereby achieving complete electrical isolation of high and low voltage. EVT has the features of high linearity, simple structure and resistance to electromagnetic interference, which ensure the accuracy and validity during data processing [5]. Among them, Electronic Capacitive Voltage Transformer (ECVT) is utilized widely for its precise capacitive voltage divider and mature actual production technology [6].



At present, the research about ECVT mainly focuses on satisfying the requirements of fundamental wave measurement and relay protection. Insufficient consideration is given to the power quality detection needs [7,8,9,10]. Paper [11] presents the analysis results of the impact of secondary voltage divider on ECVT’s transient characteristics and its corresponding grade. On this basis, the effect of capacitor internal resistance is considered in reference [12]. When the ratios between high-low capacitor series resistance and voltage are equal, ECVT can obtain a relatively exact transmission result. The paper [13] established the transfer function model of ECVT to attain its measurement performance for various disturbance signals problems effectively. The results showed that ECVT has excellent restoration capacity for the primary signal. The authors of the article [14] discussed a similar issue by illustrating the analysis of the harmonics measurement accuracy within the normal measuring frequency domain, which was conducted in designed test circuits. Related research [15] shows that the capacitive tap in current transformer bushings, applied to power networks, can solve harmonic voltage measurement problems with comparatively precise results. However, the capacitive tap has the drawback of always being affected by the potential transformer. Moreover, it is not efficient when a resistor or nonlinear resistor is connected across the neutral point of the primary side and ground. The resistive voltage divider is applied in [16] to settle the voltage harmonics measurement problem of the transmission network of 400 kV. It has better performance than inductive voltage transformer and capacitive voltage transformer in terms of measurement error. It is effective to apply its internal parameters to optimize the frequency and transient characteristics of ECVT to attain the minimum voltage error [17].



The above research either discusses the transient characteristics of ECVT voltage divider from the perspective of its internal structure and the corresponding parameter value level, ignoring its impact on frequency bandwidth or analyzes its metering transmission performance from the perspective of ECVT signal measurement application. Therefore, how to comprehensively receive the influence regulation of sensor parameters on ECVT and its value range, from the perspective of the overall structure combined with the traits of transient process and harmonic signal measurement, is of great significance for promoting its real application in power network. Based on the overall structure and working principle of ECVT, by constructing the corresponding equivalent circuit model, this paper presents the theoretical analysis of its transient conditions and transfer characteristics which is verified by simulation. Further analysis is mainly focused on the impacts of the resistor divider on solving the issue of retained charge and primary short circuit. The influence of its range on the harmonic measurement performance is discussed. To improve the power quality detection ability of ECVT, the value of resistor divider is selected reasonably. The models of coaxial capacitive voltage divider and integrating circuit in ECVT are established in Section 2; The transient and transfer characteristics analysis of ECVT is introduced in Section 3; The simulation analysis of short circuit, reclosing and harmonic transmission are presented in Section 4; The parameter optimization design model is described in Section 5; The discussion about the simulation and optimization results is given in Section 6; Finally, conclusions are drawn in Section 7.




2. Models of ECVT


The general frame of ECVT includes three parts: the primary voltage sensor, the secondary signal acquisition circuit, and the processing system of the secondary signal [18]. The specific structure of ECVT is presented in Figure 1.



The coaxial capacitive voltage divider is applied to convert high voltage into low voltage. Then the measured voltage signal is modulated and analog-to-digital converted by the secondary signal acquisition circuit. Then the electrical signal is converted into the optical signal, which is transmitted to the secondary signal processing system through optical fiber and recovered by photoelectric conversion. Finally, the message is processed and output in the form of analog or digital signals [19,20,21].



The capacitive voltage divider is the core of ECVT to realize the function of power measurement, which is composed of three coaxial metal cylinders with the radius of r1, r2 and r3 respectively. The inner one is connected to a high voltage conducting rod. The intermediate one is attached to the divider resistance of secondary side voltage, and the outer one is grounded [22,23,24]. The structural schematic diagram and equivalent circuit model are illustrated in Figure 2.



Among them, U1 is high side voltage; U2 is intermediate electrode voltage; U3 is secondary side voltage; R is the resistor divider of secondary side voltage; C1 is the high voltage side capacitance; C2 is intermediate electrode capacitors; C3 is low voltage side capacitors; C4 equals to C2; C5 equals to C3.



Secondary side voltage U3 can be denoted by


U3=jwRC1C2C1+2C2+jwR(C1C2+C1C3+2C2C3)



(1)







The voltage ratio K and phase deviation Δθ can be described as


K=|U1U3|=|C1+2C2jwRC1C2+C1C2+C1C3+2C2C3C1C2|



(2)






Δθ=90°−θ1



(3)






θ1=arctan[wR(C1C2+C1C3+2C2C3)C1+2C2]



(4)







In practical calculation, the value of θ1 is very small. The phase offset of secondary side voltage U3 leading voltage U1 is close to 90 degrees [25]. Therefore, Equation (1) can be approximated as


U3≈jwRC1C2C1+2C2U1



(5)







According to Equation (5), the voltage U3 is proportional to the differential of the input voltage U1. The proportional integral processing is required to get the voltage signal linearly correlated with the input voltage. Further, the value of K is determined by the values of R, C1 and C2. Furthermore, when K is assumed to be constant, parameter R is adjusted to realize the signal transmission for different voltage levels.



ECVT generally adopts the active feedback RC external circuit containing high performance operational amplifier to realize integral function in its practical application [26]. Its equivalent circuit diagram is exhibited in Figure 3.



Among them, Uo is the output voltage; C is the integral capacitance; R3 is the integral feedback resistance (the integral drift voltage is slowly accumulated and released through it to keep the circuit working point stable). The relation between the input and output voltage of the integrator can be described as


UoU3=−R3R1(1+sCR3)



(6)







To ensure the safe and stable operation of the integrator, the feedback resistance in parallel with the integrator capacitor is usually the one of megohm level. Then, it can be inferred that sCR3≫1 and Equation (3) can be simplified to


Uo≈−U3sCR3



(7)







At this point, the input and output voltage signals form an approximate integral relationship, to achieve signal restoration. The equivalent circuit of the primary voltage sensor, composed of the capacitive voltage divider and the active negative feedback analog integrator, is shown in Figure 4.



Based on the integral circuit principle, the overall system transfer function is as follows


H(s)=UoU3⋅U3U1=−R3R1(1+sCR3)⋅sC1C2RC1+2C2+sRCn



(8)







The amplitude-frequency and phase-frequency characteristics of ECVT can be expressed as


|H(jw)|=R3R12+w2C2R32)⋅wC1C2R(C1+2C2)2+w2R2Cn2



(9)






Δθ=180°−arctan(wCR3)+90°−arctan(wRCnC1+2C2)



(10)




where Cn=C1C2+C1C3+2C2C3.



Because the high and low voltage sides are electrically isolated by optical fibers, the signal transmission property remains static under the signal processing link of subsequent digital-to-analog conversion [21]. Thus, this paper focuses on characteristic analysis of its analog signal processing circuit.




3. Characteristics Analysis of ECVT


3.1. Transient Characteristics Analysis of ECVT


Because there is no ferromagnetic resonance problem in ECVT, its transient response characteristics are illustrated emphatically in this paper. Consulting the division of IEEE std.1159-2009 power quality standard, the primary side to ground short circuit and the reclosing with trapped charge are the typical power quality transient conditions. With the reference to standard GB/T 20840.7-2007, voltage error ε is taken as a measure of the transient characteristics, which is required to be less than 10% within 2–3 cycles of the rated frequency after the transient process.


ε=2U3′−U3max2U3′×100%



(11)




where U3max is the maximum value of the secondary side voltage and U’3 is the rated effective value of it under steady state.



3.1.1. The Transient Process of Short Circuit


When the transformer is short circuited on the primary side, the charge on the capacitor, discharge through the partial voltage resistance and transmit to the secondary side, causes the output voltage to contain transient components and results in voltage errors [27].



When the circuit is in the normal state, suppose the expression of its primary side voltage is


U1(t)=2Um⋅sin(2πfnt+φ0)



(12)







The output voltage of the transformer is


Uo(t)=−1CR1⋅RC1C2C1+2C2⋅2Umsin(2πfnt)



(13)







Assume that the voltage reaches its peak at time t, and a grounding short circuit occurs at the high voltage side. Then, the transient voltage at the secondary side is


U3(t)=2Um⋅RC1C2C1+2C2⋅2πfn⋅sin(2πfnt+90°)⋅e−t(C1+2C2)/RCn



(14)







After the inverse Laplace transform of the transient output voltage obtained through the integrator, the following formula can be obtained:


Uo(t)=−2Um⋅RC1C2C1+2C2⋅sin(2πfnt)⋅1CR1⋅RCnC1+C2⋅(1−e−t(C1+2C2)/RCn)



(15)







The disturbance degree depends on the impulse voltage and discharge time. When the capacitance of the high and low voltage side has been determined, the change of its integral capacitance will exert effect on its voltage amplitude. While the resistor divider R focuses on the impact of its time constant.




3.1.2. The Transient Process of Reclosing


When the line or cable is suddenly disconnected during operation of the ECVT, the charge stuck on C1 is hard to release. It will cause the charge transfer phenomenon of the voltage divider after reclosing, which clearly produces error interference to the later circuit [28].



The amount of trapped charge is subject to the voltage phase at the time of disconnection. Assume that the voltage reaches its peak at time t0, and at the same time, the ECVT is disconnected from power grid. When the voltage reaches its trough peak at time t1, the ECVT is reclosed to power grid. Then the capacitors C1, C2 and C4 will store charge and the low voltage capacitors C3 and C5 will release charge through the shunt partial voltage resistors. After reclosing, the low DC impedance lines of the grid discharge immediately, forcing the charge to transfer to C3 until its voltage reaches C1C2Um/Cn. The voltage will be exponentially attenuated with the time constant equals RC3 and superimposed on the steady state sine wave signal, which could result in voltage deviation.



Within the time interval of reclosing operation, the charge in C3 is discharged through the external partial voltage resistance R. Furthermore, the representation of U3 after Laplace transformation is:


U3(s)=RC1C2C1+2C2⋅2Um⋅2πfn⋅sin(2πfnt0+90°)⋅et0/RC3⋅RC31+sRC3



(16)




where t0 represents the time when the line is disconnected.



Transient voltage error formed by the voltage side after reclosing:


Δu3(t)=−C1C2Cn⋅Um⋅2πfn⋅sin(2πfnt0+90°)⋅e−(t−t1)/RC3



(17)







After reclosing, the output voltage signal is:


Uo(t)=−UmCR1⋅(RC1C2C1+2C2⋅2sin(2πfnt)−C1C2Cn⋅RC3sin(2πfnt0)⋅et1/RC3⋅(1−et/RC3))



(18)




where t1 stands for the time when the line is closed.



Combined with Equations (14) and (15), it is found that voltage error and the discharge time of trapped charge are affected by the value of the resistor divider R. Furthermore, the superimposed direct flow is caused by voltage difference, created between the high and low voltage capacitor and produced by trapped charge, in the low voltage capacitor. Its value increases with the decrease of R. However, after reclosing, the discharge time diminishes with the decrease of R, which means the voltage error in the transient state decreases similarly.





3.2. Transfer Characteristics Analysis of ECVT


Frequency characteristics of ECVT, obtained from its transmission function, are illustrated in Figure 5. ECVT has the traits of wide frequency band and high linearity (Figure 5). Furthermore, it should be able to precisely measure the harmonic signal with the frequency in its normal measurement frequency range [29,30,31,32,33]. It is known that the amplitude ratio and phase difference of the input and output voltage signals of ECVT at different frequencies and their trend with frequency.



According to Equation (8), the upper frequency fH and lower frequency fL of ECVT can be described as


fH=C1+2C22πRCn



(19)






fL=12πR3C



(20)







Combined with Figure 5 and Equation (19), the influence of parameters R and C on frequency characteristics of ECVT can be obtained respectively. The initial decay cut-off frequency value and transmission characteristics are shifted with the use of different resistor dividers and integral capacitors. With the increase of parameter R, the upper limit frequency decreases and the transmission characteristic becomes worse. When growing the integral capacitance C, its lower limit frequency decreases and the bandwidth increases. However, the ECVT’s transmission capacity depends on the upper limit of the normal measured frequency bandwidth. According to Equation (9), it is related to the value of parameter R in the primary voltage sensor.





4. Simulation Analysis and Optimum Design of ECVT


4.1. Simulation Analysis of Transient Characteristics


Because there is no ferromagnetic resonance problem in ECVT, this paper focuses on analyzing its transient response characteristics as illustrated emphatically [34,35]. The primary side to ground short circuit and the reclosing with trapped charge are analyzed respectively. The simulation model is presented in Figure 6. The reclosing process is determined by switch K1, and the short circuit process of high voltage terminal is realized by switch K2. This part is simulated for 10 kV ECVT. Besides, the capacitance values of the capacitance divider are C1 = 30.5 pF, C2 = C4 = 4.98 nF, C3 = C5 = 123.2 nF; the rated input voltage is 10/3 kV; the integral capacitance is 1 uF.



4.1.1. Short Circuit


Because the time of the primary side short circuit determines the magnitude of the transient voltage on the second side, the content below is conducted for two representative cases: when short circuit occurs at the peak voltage and across zero [36]. By referring to the EVT standard, the voltage error is required to less than 10% after a period of three cycles under the rated frequency. The transient characteristic of ECVT obtained is demonstrated in Figure 7.



As can be seen from Figure 7, that charge on the capacitor is released in a short time, which depends on the short circuit time of occurrence and its time constant which is equal to RCn/(C1 + 2C2). Although its transient process is shortened with the decrease of the resistor divider, when its value is too small, it may cause impulse voltage that is released in a brief time. In this process, the impulse voltage may cause irreparable damage to the circuit devices. Therefore, to reduce the charge disparity before and after the transient state, the resistor divider should not be too small. Extract three representative ranges of resistances for simulation and the result is presented in Figure 8.



Impulse voltage, produced by short circuit, is 5.31 times as large as steady-state secondary voltage peak (R = 10 Ω). The secondary side voltage is abrupt at the moment of short circuit (R = 0.2 kΩ). The maximum value of the transient impulse voltage is already less than 10% of the steady-state voltage peak (R = 2 kΩ). In summary, the simulation results are consistent with the theoretical analysis. The resistor divider R, in the researched ECVT, should be adjusted to more than 2 kΩ to fulfill the standard requirement of the transformer.




4.1.2. Reclosing


According to the operation experience, regardless of the situation of line disconnection lasting a long time, the upper limit of reclosing action time is about 0.5 s [37,38]. Furthermore, K1 is disconnected at 0.005 s with 0.15 s as the time interval for reclosing, which is broken at the crest and closed at the trough. When R is 2 kΩ, the waveform of the secondary voltage is exhibited in Figure 9.



The theoretical study describes that voltage error will change with different partial pressure resistance R. So, under the situation that reclosing time interval is 0.15 s, we modify the value of R and record voltage error at the voltage peak after closing according to the standards. Finally, we obtain the relationship between resistance R and the voltage error by repeated simulation. The result is shown in Figure 10 and Table 1.



According to the chart above, when the resistor divider R is stepped-up, the value of voltage error is stepped-down. When R values more than 3 kΩ, the ECVT conforms to the standard transformer requirement. However, when the resistor divider increases continuously to 12 kΩ, its acts on voltage error will gradually flatten out. Besides, the further growth will restrain the elimination of the straight flow in secondary side voltage after reclosing.



During the reclosing simulation, the time interval and the phase of closing are the main factors leading to errors. Thus, the impact of the former on the transient error needs to be analyzed. The reclosing time interval is set at 0.2 s, 0.3 s, 0.4 s and 0.5 s respectively. The above process is repeated to simulate the relationship between the resistance R and the transient error at different time intervals, as shown in Figure 11.



As can be known from Figure 8, in the case of the same resistance, the longer the reclosing time interval, the larger the transient error. When the time interval is 0.5 s, the secondary load resistance must achieve to 5 kΩ to meet the standard requirements.





4.2. Simulation Analysis of Transfer Characteristics


Through the theoretical analysis above, the frequency characteristic of ECVT is associated with its main component parameters. To fulfill the needs of ECVT transient characteristics, the range of the resistor divider is between 3 and 12 kΩ, and the corresponding frequency measurement range varies as shown in Figure 12.



From the analysis of Figure 5 and Figure 6, we can see that its measurement range decreases with the increase of the value of the resistor divider. Furthermore, when R is equal to 5 kΩ, the normal measurement frequency range of the ECVT is about 10 to 104 rad/s (1.59~1.6 kHz), meet the19th harmonics measurement requirement specified in the utility grid harmonic power quality standards.



In the process of harmonic signal simulation test, the input voltage amplitude is the maximum value of the fundamental frequency voltage, and the initial phase is zero. The frequency is 1–19 times of the power frequency 50 Hz successively. Only alter the value of resistor divider R and the corresponding harmonic signal measurement errors of the ECVT at every single harmonic frequency are recorded. The result is exhibited in Figure 13.



It can be perceived from Figure 13 that under the circumstances of primary voltage, the frequency is in the range of 50Hz to 950Hz, the alteration of the amplitude error fluctuation of secondary side voltage is consistent with the changing trend of the resistor divider. Furthermore, there is a sudden rise between the output amplitude error of the 17th and 19th harmonic at 6 kΩ. The same situation exists between the 15th and 17th harmonic at 7 kΩ. When the frequency of the harmonic signal exceeds the measurement bandwidth of ECVT, a large measurement error will occur in the secondary output signal. In this case, ECVT is unable to accurately measure the primary signal.



When the resistor divider R is 5 kΩ, its corresponding amplitude measurement errors are shown in Table 2. The output amplitude error of the ECVT does not exceed 0.42% under the condition of single harmonic voltage within the power frequency up to 950 Hz. The measured results satisfy the necessity of accurately 0.5 degrees for the ECVT.





5. Parameter Optimization Design of ECVT


Minimization of decay duration and transient surge voltage and maximization of frequency bandwidth can be used as optimization targets for ECVT sensor design from the above analysis.



5.1. Target Function


5.1.1. Minimize Duration of Transient Voltage Attenuation


The charge is neutralized momentarily, and the remaining charge is discharged through resistor divider during short circuit and reclosing (Figure 7). Therefore, it is necessary to consider the effect of attenuation time constant on the power quality performance during the transient process.


τ=RC3



(21)








5.1.2. Maximum Frequency Bandwidth


The frequency characteristics of the ECVT detectably affected the accuracy of its harmonic measurements. In this case, its performance improvement is associated with the upper limit cutoff frequency.


fH=C1+2C22πRCn



(22)








5.1.3. Minimize Transient Impulse Voltage


The impulse voltage not only exerts negative effects on transient performance, but also poses a threat to the safety and stability of ECVT at the moment of reclosing (Figure 8).


Δuo(t)=1R1C⋅C1C2Cn⋅RC3⋅Umsin(2πfnt0)⋅−et1/RC3



(23)







Considering the above three design objectives, the objective function is established as follows:


minf(x)=w1τ−w2fH+w3Δuo(t)



(24)







Among them, ωwj is the weighting coefficient that reflects the importance of each sub-target. The entropy weight method is applied to obtain the value of each weighting coefficient [39,40]. The procedure is as follows:



(1) Basic process of each index data



Decay duration, transient surge voltage and frequency bandwidth are the three optimization indexes in this paper. Assuming that m samples are evaluated, the initial data matrix is


X=[x11x12x13⋮⋮⋮xm1xm2xm3],










X={xij}m×3 0≤i≤m,0≤j≤3



(25)




where xij is the value of the index j of the sample i.



(2) Data standardization



To eliminate the impact of different index dimensions and data levels on the evaluation results, each index is standardized. The normalized specific gravity matrix Y is proposed as


Y={yij}m×3 0≤i≤m,0≤j≤3



(26)




where yij=(xij−x¯j/Sj)/∑i=1m(xij−x¯j/Sj), 0≤yij≤1; x¯j is the average value of index j; Sj is the standard deviation of index j.



(3) Calculate the information entropy value e and information utility value d



The information entropy value of index j can be calculated by Equation (27).


ej=−K∑i=1myijlnyij



(27)




where K=1/lnm.



The information utility value of index j can be calculated by Equation (28). The larger information utility values, the greater it affects to the evaluation and the greater its weight.


dj=1+K∑i=1myijlnyij



(28)







(4) Calculate the weight of evaluation index



The weight of the j evaluation index can be obtained by Equation (29)


wj=dj∑i=1mdj



(29)







Based on Equation (30), the comprehensive index value Ui of each sample is denoted as


Ui=∑j=1nyij(X)wj



(30)







According to the above calculation method, the linearly weighted objective function can be expressed as:


minf(x)=0.4210τ−0.4472fH+0.1318Δuo(t)



(31)









5.2. Constraint Condition


5.2.1. Transient Voltage Error


As the measurement standard of ECVT transient performance, ε shall decrease to a specific value within three cycles after transient disturbance. Thus, after substituting the output voltage into Equation (11), the corresponding expression can be denoted as


ε=C1C2Cn⋅Um⋅sin(2πfnto)⋅e−(t−t1)/RC3×100%2Um⋅wRC1C2C1+2C2≤10%



(32)








5.2.2. Harmonic Measurement Error


The detection error caused by ECVT is reflected in amplitude measurement for high-frequency harmonics. Referring to the harmonic standard of power quality utility network, the amplitude measurement error should be less than 0.5%.


d=Uo−RC1C2CR3(C1+2C2)U1Uo×100%≤5%



(33)








5.2.3. Reclosing Time Interval


When resistor divider in ECVT is constant, the magnitude of the transient error is proportional to the length of the reclosing time interval (Figure 11). According to practical operating experience, the reclosing action time interval is usually 0.15 s to 0.5 s.


0.15≤Δt=t1−t0≤0.5



(34)









5.3. Solution


Due to the repetitiveness and randomness of the traditional method of selecting parameters, the parameter solving process becomes complicated and difficult to implement. Therefore, the parameter design of ECVT sensor in this paper adopts genetic algorithm with high accuracy and takes the resistor divider R as the optimization variable to optimize. The specific optimization process is described in the literature [41]. Due to the limitation of length, there will be no more tautology here.




5.4. Optimization Results and Analysis


According to the data provided by Section 4 and other hardware parameters of the ECVT, its power quality detection capability is optimized by genetic algorithm. The maximum number of iterations is 150, and the population size is 50. The optimization result of ECVT sensor parameters is 4.237 kΩ. Based on the simulation model of Section 4, the optimization result of resistor divider is substituted into it. Besides, the rated input voltage is 10/3 kV; fundamental frequency fn is 50 Hz; short circuit occurs at peak voltage; the reclosing time interval is 0.15 s. In short circuit simulation, the transient characteristic of ECVT is shown in Figure 14a. In the reclosing simulation, the action time and time interval are consistent with Section 4. The reclosing waveform is demonstrated in Figure 14b. Moreover, the transient voltage errors in the two simulations are both less than 10%, which meets the requirements of the transformer standard. Output amplitude errors of ECVT within the power frequency up to 950 Hz are presented in Table 3. The maximum error does not exceed 0.5%. Analysis of those performances showed that the ECVT has high accuracy in restoring the primary signal.





6. Discussion


The transient performance and transmission characteristics of ECVT are theoretically deduced. It is found that the value of resistor divider will directly affect the decay time constant of the trapped charge and the error between secondary voltage after reclosing and its steady state voltage. On the one hand, when the circuit breaker is disconnected, the low voltage side capacitor will discharge through the resistor divider. The voltage difference generated in this process will cause the transient disturbance voltage after closing. On the other hand, at the beginning of closing, the DC voltage component superimposed on the secondary voltage will discharge through the resistance R. The discharge time will directly determine the magnitude of voltage error. Meanwhile, the upper limit of the normal frequency measurement range of ECVT is highly correlated with the value of resistor divider. Therefore, the transient voltage error and the frequency bandwidth of ECVT are inextricably linked with the resistor divider, the addition of which modifies the transient performance and transmission characteristics of ECVT. The resistor divider becomes the key parameter affecting the performance of ECVT power quality detection.



Through further simulation analysis, it can be perceived that in the occasions of two prominent transient problems, short circuit and reclosing, the decline of resistor divider R could reduce the decay time constant and shorten transient process. In addition, short circuit occurrence time and reclosing time interval are also significant factors to the ECVT transient characteristics. Meanwhile, the upper limit of its normal frequency measurement range enhances with the reduction of R. When the harmonic frequency exceeds the measured frequency range, the secondary output voltage will produce a large error. As the value of the resistor divider decreases, its influence on the overall partial voltage ratio and phase error of ECVT will gradually increase. If the resistance is too small, the transient may even result in overvoltage and damage to the circuit device. Results show that the outcomes of the decay time constant, frequency measurement range and overvoltage are the three principal factors that determine the value range of parameter R. On this basis, a multi-objective optimization model is established, and genetic algorithm is used to solve the model. For 10 kV ECVT that is purposed in this article, its accuracy class is 0.5 degrees. As can be noticed from Figure 10, there is an optimum value of the resistor divider of capacitive voltage divider in the range of 3–5 kΩ. Through the proposed parameter optimization method, the optimal value obtained is 4.237 kΩ. Furthermore, the transient error fulfills the requirements of ECVT (Table 3). The ECVT not only has the functions of conventional voltage measurement and relay protection, but also can truthfully reflect the harmonic and transient disturbance signals up to 19 times, meeting the requirements of broadband and high precision detection of power quality for distribution network.



At present, there is still a broader space for development for research on the optimum design of ECVT. Further research is needed in respects of series resistance of voltage divider capacitance, changes in environmental conditions such as rain, snow, temperature and humidity as well as the degree of asymmetry in the way the system operates. Accurate electrical measurement technology is still the premise for the reliable and safe development of power system and the key link to ensure its economic operation.




7. Conclusions


Transient performance and harmonic signal transfer capability are the important factors of ECVT performance. In this paper, the impacts of those two factors are studied, according to the International Electro technical Commission standard definition of electronic voltage transformer transient error, by using the established mathematical model of ECVT sensor. Then, the influence rule and the change characteristics of the resistor divider on transient voltage error and normal frequency measurement range are analyzed. Those findings could provide reference data for the performance analysis and make its design more reasonable. The ECVT of the 10 kV system is simulated with Simulink platform. It was found that the outcomes of the decay time constant, frequency measurement range and overvoltage are the three principal factors that form constraints on the value range of parameter R. On this basis, a multi-objective optimization parameter optimization design model is carried out. The optimal parameter value obtained by entropy weight method and genetic algorithm is 4.237 kΩ. The numerical result of transient voltage error is in the allowable range of transformer standard and the ECVT realizes a measurement of the power frequency and 2–19 times single harmonic voltage signals.
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Figure 1. Structural schematic diagram of Electronic Capacitive Voltage Transformer (ECVT). 
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Figure 2. (a) The structure of coaxial capacitive and (b) the equivalent circuit model of voltage divider. 
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Figure 3. Structural schematic diagram of active feedback analog integrator. 
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Figure 4. The equivalent circuit of primary voltage sensor. 
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Figure 5. (a) Frequency characteristics of different resistances and (b) Frequency characteristics of different integral capacitances. 
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Figure 6. The simulation circuit of ECVT. 
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Figure 7. (a) Transient characteristics of short circuit at peak time and (b) Transient characteristics of short circuit at zero-crossing time. 
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Figure 8. Input and output waveforms for different resistances. 
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Figure 9. Waveforms of reclosing simulation. 
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Figure 10. Relationship between resistor divider and the voltage error. 
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Figure 11. Relationship between resistor divider and the voltage error for different time interval. 
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Figure 12. Relationship between resistor divider and frequency measurement range. 
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Figure 13. Relationship between harmonic and the voltage error for different divider resistance. 
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Figure 14. (a) Short circuit waveform of ECVT and (b) Reclosing waveform of ECVT. 
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Table 1. Relationship between the resistor divider and voltage error.
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	R/(kΩ)
	ε/(%)
	R/(kΩ)
	ε/(%)





	0.1
	67.94
	7
	6.66



	0.5
	41.40
	9
	5.83



	0.8
	26.85
	10
	5.22



	1
	13.43
	11
	3.20



	3
	10.36
	12
	2.41



	5
	9.01
	13
	2.34
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Table 2. Relationship between harmonic and voltage error.
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	Order of Harmonics
	U1/[kV]
	Uo/[kV]
	d/[%]





	3
	8.7406
	0.005668
	0.15



	5
	8.9332
	0.005794
	0.18



	7
	9.3123
	0.006043
	0.22



	9
	9.6416
	0.00626
	0.28



	11
	9.7925
	0.00636
	0.31



	13
	10.3152
	0.006701
	0.33



	15
	10.4322
	0.006779
	0.37



	19
	10.8766
	0.007072
	0.42
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Table 3. Relationship between harmonic and voltage error.
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	Order of Harmonics
	U1/[kV]
	Uo/[kV]
	d/[%]





	3
	8.9401
	0.00583
	0.13



	5
	8.9062
	0.005807
	0.15



	7
	9.5228
	0.006205
	0.21



	9
	9.7441
	0.006345
	0.28



	11
	9.8915
	0.00644
	0.30



	13
	10.2182
	0.00665
	0.33



	15
	10.3312
	0.006721
	0.38



	19
	10.7716
	0.007006
	0.40











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
3o
o o1 o b s 3
». s
@) (b)





media/file8.jpg





media/file27.png
0.05

0.1
t/s

(a)

0.15

0.2

—_
T

0.25
t/s

(b)

0.3

0.35





media/file13.png
U, /kvV

-0.4
-0.8
-1.2

0.05 0.1 0.15 02
0.05 0.1 0.15 0.2
/s

(a)

U, kv

1.2
0.8
0.4

-0.4
-0.8
-1.2

0.05 0.1

0.15

0.2

0 0.05 0.1

/s

(b)

0.15

0.2





media/file12.jpg





media/file18.jpg
50

a0l
1
1
1
30 1
3 .
T 1
1
01
-
~
Y
10 _—
.-
'._.A.N
R —
0
¢ 5

R/KQ





media/file9.png
Bode Diagram

2R Bode Diagram __gSC
el = =R -140

Magnitude (dB)

N
oo
o

N
o0
o

Magitude (dB)

N

o

S
T

N

0

o
T

Rl i ey — )
LTTITTT O.SR ““

e,
e,
m N EN EN EN BN BN BN BN B a .

Phase (deg)

N
©D
s

R
o
S

P ©
(&) o

Phase (deg)
o

L | , » 90 | , |
10° 10 10 10 10
W (rad/s)

W (rad/s)
(a)

(b)






media/file14.jpg
UV

uN

8
4
o
P
s
12
) 0.05 0.1 015 02
12 ——Re=t00
08
04
0 PRNNNN N —
0.4
0.05 0.1 0.15 02
hex —— Re02k2
08 3
04
o
04
08
) 0.05 0.1 0.5 02
08
— Re2x
04
o —_—
0.4
08
0.05 0.1 0.15 02

ts





media/file20.jpg
rio






media/file23.png
® X
]
0
1
® 132
!
1
1
® 4 o0
/]
G
e <
! o<
1
® 4 ©
V4
V4
®
V4
V4
\\. 1
-
4.‘
)
1
VA_ 1 | 1 2
LO) LO) — L0 )
o\ o

s/pes) o

ST

i

(s/pex) m

R/kQ)





media/file5.png





media/file15.png
U kv

Uu,N

UN

NO Mo

-8
-12

1.2
0.8
0.4

-0.4

0.8
0.4

-0.4
-0.8

0 0.05 0.1 0.15 0.2
- —— R=10Q
NSNS NN
0 0.05 0.1 0.15 0.2

—— R=0.2kQ

0 0.05 0.1 0.15 0.2

| —— R=2k2
0.05 0.1 0.15 0.2

t/s





media/file19.png
~ o il I
15

10

-~

9 -

—-‘~
- o

—

R/kQ

10

501





media/file2.jpg





nav.xhtml


  energies-12-02416


  
    		
      energies-12-02416
    


  




  





media/file11.png
\ =

\ K,

Ci—=—=
—C, C,=
—C, C=






media/file6.jpg
U






media/file24.jpg
16
14

12

Los

06
04

02

800

1000





media/file1.png
The Primary
Voltage Sensor

The Floating Type
Power Supply

[_____t___

Processing System Of

The Secondary Signal V\l

Signal
Conditioning

Circuit

Analog-digital
p| Conversion
Circuit

CPU Of
Master
Control

CPLD

-]

\

Digital-analog
Conversion
Circuit

Synchronous

Sampling Pulse
Generating
Module

The Secondary
Signal
Acquisition
v Circuit
1

Optical
() fiber






media/file10.jpg
IS
1|
11






media/file7.png
2l

e

N
||
~ |






media/file16.jpg
02 0.25 03 035

0.15

02 025 03 035
tls

0.15






media/file3.png
\___

o

N’





media/file22.jpg
w (rad/s)

05






media/file17.png
0.1 0.15 0.2 0.25

0.3

0.35

0.1 0.15 0.2 0.25
tls

0.3

0.35





media/file4.jpg





media/file25.png
0 200 400 600 800 1000
f/Hz

16

14t

1.2

0 200 400 600 800 1000
f/Hz





media/file0.jpg
—————— I

|
|

TS
“The Floating Type. Signal %
Fover gy Acqtion

= e i

[Aralos gl
‘Converen
Circit

o
|
e S |

Conversion fiampling Pulsel
Trong Sy Gt e |
|

|
S \1‘ R
\ = |





media/file21.png
50

45

K —@— {=().2s
i —0— =(.3s

R/kQ

== (=().2s
S ¢ —o— =().35

R/kQ)





