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Abstract

:

The article presents an innovative system for non-contact high voltage (HV) measurement, which extends the measurement capabilities of a portable partial discharges (PD) monitoring system intended for diagnostics of power transformers. The proposed method and the developed measuring system are based on the use of a capacitive probe, thanks to which the high voltage measurement is safe (galvanic separation from the objects at ahigh potential). It is also flexible because the voltage ratio of this system can be configured in a wide range by changing the probe’s position. The proposed solution makes the portable PD monitoring system fully autonomous and independent of the substation systems and devices. The article presents both the concept of the non-contact HV measurement system and its practical implementation. The procedure for determining the voltage ratio and measurement uncertainty, which is at an acceptable level of 1–5% in laboratory conditions, was discussed in detail. In addition, the article discusses the digital filtering and wavelet de-noising methods implemented in the software of the monitoring system, which makes it possible to measure the voltage in the presence of strong electromagnetic disturbances occurring at the substation. Finally, the results of field tests carried out on a 250 MVA power transformer are presented, which confirmed the high accuracy of the HV measurement using a capacitive probe and the advantages of this technique.
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1. Introduction


The electrical power system belongs to a special type of critical infrastructure, as it determines the security of society and the economy. The key devices that ensure the proper functioning of this system are large power transformers. Unfortunately, a common problem in most countries is that a significant part of these transformers either exceed the lifetime predicted by manufacturers (estimated at about 30–35 years) or are close to this limit. Numerous reports and statistical analyses indicate more and more frequently occurring transformer failures [1,2,3]. These failures not only cause electrical power cuts but can also lead to oil leaks and fires (environmental contamination) and damage to high voltage (HV) devices associated with them at a substation or power plant. Replacing a large power transformer is extremely costly and time-consuming, and the lead time is generally over a year [4]. The main causes of transformer failures are mechanical winding defects and defects in the insulation system [5,6,7,8]. The mechanisms of the formation and development of these defects are accompanied by certain symptoms, which, if recognized quickly enough, can provide valuable information on the current technical condition, the expected life of the device, and the possibility of its failure. One of the main and unambiguous symptoms indicating the deteriorating technical condition of the transformer and the impending failure is the partial discharge (PD) phenomenon in its insulation system [1]. With such an advanced degree of transformer overexploitation, relying only on periodic diagnostics is insufficient and generates too high a risk. For this reason, in the last dozen or so years, the intensity of work on the development of online partial discharge monitoring systems has been increased [9,10,11,12,13]. These systems most often use the acoustic emission (AE) method or electromagnetic methods for recording signals in the high frequency (HF), very high frequency (VHF), and ultrahigh frequency (UHF) radio frequency bands [14,15,16,17,18,19]. However, due to the high purchase and maintenance costs, monitoring systems are relatively rarely installed permanently. From an economic point of view, it is much more advantageous to use them in the short-term (temporary) monitoring mode, i.e., for several days or weeks. This is usually long enough to confirm the PD phenomenon’s presence and assess its intensity and trend. A significant problem of the implemented PD monitoring systems is their diagnostic reliability related to the need to evaluate whether the source of the recorded signals is the occurrence of partial discharges or external disturbances. Unfortunately, both the acoustic emission method and electromagnetic methods are exposed to numerous external disturbances. In the case of the acoustic method, these can be environmental noises (e.g., rain, hail, thunderstorms, sandstorms, wind), oil circulating pumps and fan noises, noise generated by magnetostriction in the core steel laminations, load noise produced by electromagnetic forces in the windings, or acoustic signals produced by switching operations in a substation [20]. In electromagnetic methods, the sources of interference may be corona discharge in HV transmission lines, switching operations, FM radio stations, aerial navigation systems, civilian and military aviation, transmitters of civil services, transmitters of digital video broadcasting-terrestrial (DVB-T) digital television, or transmitters of the Global System for Mobile Communications (GSM) and Long-Term Evolution (LTE) wireless internet [21,22]. One way to improve the diagnostic reliability is to use a technically advanced system capable of recording pulses simultaneously with at least two methods, e.g., UHF and AE. If the system registers acoustic and electromagnetic pulses simultaneously, it can be assumed with a high probability that their source is partial discharges. Figure 1 shows the result of an eight-day PD monitoring carried out on a 31.5 MVA power transformer [12]. The Pearson correlation coefficient between the hourly distribution of the UHF and AE pulses was r = 0.87 with significance p = 0.001, which means a very strong positive correlation and confirms the presence of partial discharges.



Unfortunately, portable short-term PD monitoring systems that rely on more than one method of PD detection are not yet commonly available on the market. For this reason, another approach may be used to increase the diagnostic reliability of the system. It consists of assessing the correlation between the voltage value on the transformer and the intensity of the partial discharges (or more precisely: the number of pulses registered by the PD detectors). This is due to the fact that the higher the voltage value, the greater the electrical stress in the insulating system, and thus the probability of partial discharges ignition increases. Figure 2 shows the average values of voltage and AE pulse rate (per minute) over the period of one month, which were recorded on the monitored 330 MVA power transformer [23]. The Pearson correlation coefficient for these two parameters was r = 0.90 with significance p = 0.001, which allows us to assume with a high probability that the source of the recorded AE pulses was the phenomenon of partial discharges, the intensity of which strongly depends on the voltage level.



For a monitoring system permanently installed on a power transformer, obtaining information about the instantaneous voltage value is not difficult. Such a stationary system is usually integrated with a superior substation supervisory control and data acquisition (SCADA) system that reads the voltage values directly from the voltage transformers. The communication and data transmission between devices is usually carried out using the IEC 61850 standard. In the case of portable systems for temporary (e.g., several days) PD monitoring, obtaining information about the voltage value from the SCADA system or directly from the substation voltage transformers is a much more complicated task, often time-consuming and economically unjustified. This is due to the fact that each new installation and even the smallest interference in the infrastructure of a power substation (e.g., laying new signal cables) requires the preparation of a construction design, which must then be approved by the owner of the substation. This generates additional costs and delays the launch of the PD monitoring system. In addition, the monitoring system, in order to integrate with a supervisory SCADA system, must be equipped with a communication module compliant with the IEC 61850 standard or another data transmission protocol used at the given substation. In addition, the system firmware should be compatible with older versions of communication protocols. In some cases, it may even be necessary to use an additional protocols conversion module.



The solution that eliminates the above-mentioned problems is the non-contact method of measuring high voltage discussed in this article. Currently, non-contact measurement techniques are most often based on the use of a Hall effect voltage sensor [24], fiber-optic voltage sensor [25], or capacitive probe [26,27,28], the advantage of which is the simple construction and low production cost. For the first time, the concept of using a capacitive probe as a sensor for measuring high voltage was proposed by K. Walczak [29]. Initially, this method was recommended mainly for use in laboratory conditions. In recent years, attempts have been made to adapt this method to field conditions. The works focused mainly on the voltage measurement on the high-voltage overhead line [26,27,28] and the high-voltage direct current (HVDC) converter station components [30].



This article describes the assumptions of the non-contact high voltage measurement method using a capacitive probe and the construction of a measuring module specially designed for a portable PD monitoring system. The diagnostic reliability of the system has been increased thanks to the possibility of correlating the number of recorded pulses by PD detectors with the voltage value on the monitored transformer. Additionally, when using electromagnetic PD sensors (UHF antennas or high-frequency current transformers (HFCT) sensors), it is possible to create phase-resolved partial discharge (PRPD) patterns that can be used to recognize the type of defect or identify the sources of interference. Equipping the portable PD monitoring system with a voltage measurement module based on a capacitive probe allows it to be fully independent of the substation systems and devices, and at the same time, ensures a high flexibility and ease of installation on the transformer. It is worth noting that the proposed solution is the first of its kind in the world.




2. Concept of High Voltage Measurement with the Use of a Capacitive Probe


The measurement of high voltage with the use of a capacitive probe is similar to the measurement using a capacitive divider, which is commonly used in high voltage laboratories [31]. Of course, this similarity results primarily from the nature of the coupling of the measuring system with the test object. In both cases, we are dealing with a high-voltage coupling capacitance with a high impedance and a low-voltage measuring capacitance with a lower impedance, on which the voltage drop is measured and properly calculated taking into account the so-called divider ratio, which is a function of both of these capacitances (Figure 3). While the main idea of measurement in both systems is similar, the specificity of their performance and the nature of certain dependencies are radically different. In the case of a capacitive divider, we deal with the constant parameters of individual components (and thus a constant voltage ratio) and a galvanic connection of the measuring system with the test object. The system using a capacitive probe is portable, easy to install, low cost, and the value of the coupling capacity (directly influencing the value of the voltage ratio) is determined dynamically by changing the probe’s position. Importantly, the measurement is performed in a completely non-contact manner, i.e., without a galvanic connection to the high-voltage circuit. Thanks to this, it is a safe method for both the personnel and measuring equipment. In addition, measurement with a capacitive probe does not load the voltage source and does not interfere with the distribution of the electric field in the vicinity of the tested object.



The accuracy of the high voltage measurement using a capacitive probe depends mainly on the precise determination of the voltage ratio, and therefore primarily the value of the capacitive coupling C1 between the HV test object and the probe. The value of the voltage ratio is described by a slightly more complicated relationship than it is for a typical capacitive divider because a number of elements that are part of the measurement chain itself should be taken into account, such as the input impedance of an acquisition card or an oscilloscope, cable capacitance, etc. If, in accordance with the diagram shown in Figure 4, it is assumed that the maximum voltage (peak value) can be calculated using the formula:


   U 1  = v ⋅  U 2   



(1)




where v is the voltage ratio, and U2 is the voltage measured with the capacitive probe, then the formula for the voltage ratio can be written as:


  v =    Z 1  +  Z 2     Z 2    =    1  j ω  C 1    +    R s    1 + j ω  C 2   R s         R s    1 + j ω  C 2   R s       



(2)




where ω is the angular frequency, Rs is the voltmeter (or oscilloscope, digital acquisition card, etc.) input resistance, C1 is the coupling capacitance, and C2 is the resultant capacitance which is the sum of the probe capacitance Cp, the coaxial cable capacitance Cc, and the voltmeter input capacitance Cs:


   C 2  =  C p  +  C c  +  C s   



(3)







After simplifying Equation (2), the voltage ratio can finally be written as:


  v =    C 1  +  C 2     C 1    − j  1  ω  C 1   R s     



(4)







The individual elements of the equivalent circuit shown in Figure 4 are determined in the laboratory, except for the value of the capacitive coupling C1, which is determined at the power substation after installing the PD monitoring system and the probe calibration procedure. This procedure consists of obtaining information about the instantaneous voltage value from the substation SCADA system (to which the voltage transformers are connected) and performing calculations using Equations (1) and (4).




3. System Architecture for Non-Contact High Voltage Measurement


3.1. Capacitive Probe


When designing the probe for field applications, the possibility of using both a monopole and disk probe was analyzed. The technical and environmental conditions were primarily taken into account. The arguments in favor of choosing a monopole probe were as follows. Firstly, the monopole probe capacitively interfaces with the test HV object to a much lesser extent than the disk probe, thanks to which it can be installed relatively close to the live device and there is no risk of exceeding the limit value for the digital equipment connected to its output. Secondly, the monopole probe has a more compact structure, thanks to which it is easier to ensure the tightness of its housing, which is important from the point of view of the operation in changing weather conditions (the influence of moisture). In addition, laboratory tests have shown that this type of probe, the active part of which is surrounded mainly by air, is less exposed to changes in the properties (probe capacitance Cp) due to moisture than a disk probe. As shown in [32], the dielectric constant of air in the range of relative humidity from 25% to 75% changes only by about 0.012%. Due to the fact that its active part is filled with a solid dielectric, the disk probe significantly changes its parameters in contact with moisture. This, in turn, will result in significant errors during the measurements as the voltage ratio of the measuring system changes. This type of probe is also more difficult to protect against the ingress of moisture, due to the larger dimensions and specificity of the structure. Therefore, it was decided to use a monopole probe, the structure of which is presented below.



The probe consists of a receiving element made of copper wire, 20 cm long and 2 mm in diameter. It is equipped with a Bayonet Neill–Concelman (BNC) coaxial connector and a waterproof casing made of polyethylene. The probe capacitance Cp as measured by the LCR meter is 2.2 pF. Figure 5 shows a 3D schematic diagram and a technical drawing with the dimensions of the developed probe for contactless high voltage measurement.




3.2. Signal Conditioning and Data Acquisition Unit


The low-cost DrDAQ signal acquisition card by Pico Technology with a sampling frequency of 1 MS/s in block mode or 100 kS/s in fast USB streaming mode, and a resolution of 8 bits is used to measure the voltage registered with a capacitive probe. The input resistance Rs of the acquisition card is 1 MΩ, and its input capacitance Cs is 17 pF. The capacitive probe is an element with a very low current efficiency and connecting it to an acquisition card with a 1 MΩ input impedance causes a significant reduction of the signal amplitude. This problem was solved using a voltage follower based on the AD549 operational amplifier with a very high input impedance (1015 Ω) and a low offset voltage (max. 0.5 mV). Additionally, this op-amp can safely drive a 4000 pF capacitance at unity gain. This allows the use of long coaxial cables without negative consequences, such as parasitic oscillations or signal attenuation. In order to protect the circuit against overvoltage, BAV20-type protective diodes are used at the input of the voltage follower. Figure 6 shows a comparison of voltage waveforms recorded in the measurement system with and without a voltage follower. It can be seen that in the case of a circuit without a voltage follower, the recorded signal is highly distorted and has about 15 times lower amplitude.



The conditioned voltage signal is sampled by the analog-to-digital converter of the data acquisition (DAQ) card, and then (already in digital form) transmitted via a universal serial bus (USB) cable to an industrial computer that is part of the online PD monitoring system. The schematic diagram of the system for non-contact high voltage measurement is shown in Figure 7.




3.3. Integration of the High Voltage Measurement Module with the Online PD Monitoring System


The high voltage contactless measurement module has been integrated with the PDtracker system designed for online partial discharge monitoring, developed at the Poznan University of Technology. The system has eight analog channels, each of them is equipped with an independent analog-to-digital converter, sampling the signal with a maximum frequency of 20 MS/s. The default partial discharge detectors are acoustic emission sensors optimized to detect discharges occurring in oil-paper insulation [33]. The system has also been adapted to work with high-frequency current transformers (HFCT), UHF antennas, and active dielectric windows [12]. The detailed structure of the system and examples of its implementation for monitoring power transformers are discussed, among others, in [23].



The electronic circuit of the signal conditioning module and the DAQ card of the voltage measurement module are placed in a separate, compact housing with dimensions of 6 × 6 × 4 cm. The power supply and data transmission between the DAQ card and the industrial computer is carried out using the universal serial bus (USB) 2.0, which provides a data transfer up to 60 MB/s. The PDtracker system and the components of the non-contact voltage measurement module are shown in Figure 8.



The non-contact high voltage measurement module works under the control of an application developed—similarly to the PDtracker’s software—in the NI LabVIEW environment. The program functions related to the data acquisition (DrDAQ card configuration), digital signal processing (filtering and reconstruction), calibration, and display of the voltage value and voltage waveform are available in the main panel of the user interface (Figure 9). The program also allows for the automatic recording of results with an appropriate time step (monitoring of voltage changes over time) and a quick calibration (i.e., determination of the value of coupling capacitance C1 following the principles described in Section 2). The calibration procedure consists of determining the voltage ratio v of the measuring system based on Equation (1) as the quotient of the reference high voltage U1 and the voltage U2 measured with the capacitive probe. For this purpose, the instantaneous voltage value U1 read from the substation SCADA system or from an analog voltmeter installed in the substation control room is entered into the program. During calibration, the voltage value U1 is usually given by phone by the substation staff.



An important function of the program is a special, three-stage sequential filter, thanks to which it is possible to measure the voltage with a capacitive probe even in the presence of strong electromagnetic interference, such as corona discharge, lightning discharge, and substation switching operations. At each stage of the sequence filter, the user can select one of the available filtering options: averaging filter, wavelet filter, Butterworth low-pass filter, or turn off the filtering stage. The standard setting in the program is two-stage filtering, whereby the signal is averaged first (with a minimum of 2 and a maximum of 128 voltage periods) and then the higher harmonics and transient disturbances are removed from the signal with a second-order Butterworth low-pass filter. An example of the operation of such a two-stage filtration is shown in Figure 10. In the case of a highly noisy signal or when the signal-to-noise ratio (SNR) is low, the filtration efficiency can be increased by applying a wavelet de-noising function on the first stage of the sequential filter. By default, using the sym8 wavelet, a five-level wavelet decomposition of the signal is performed, and then at each of these levels, the signal is de-noised using the soft-thresholding technique introduced by Donoho and Johnstone [34,35].





4. Determining the Voltage Ratio and Measurement Uncertainty


In laboratory conditions, the determination of the voltage ratio of the measuring system of a capacitive probe can be performed in various ways. Each of them should use the standard voltage source for calibration purposes or one of the traditional reference high voltage measurement methods, e.g., measuring sphere gaps (according to IEC 60060-2:2000) [36]. In field conditions, the value of the voltage ratio v is estimated based on the knowledge of the instantaneous voltage values (recorded by the substation SCADA system) measured by the voltage transformers operating in the transformer bay. In this case, the accuracy of determining the voltage ratio will depend on the measurement uncertainty introduced by the voltage transformer used in the substation and on the parameters of the measurement system. These issues will be discussed in more detail later in this section.



In order to determine the value of the voltage ratio, it is necessary to find the relation between the value of the voltage measured on the monitored transformer and the value of the voltage measured by the measuring system of the capacitive probe. It is enough to do this for at least one measuring point because this relation is linear, as shown in Section 6. Knowing the maximum values of the voltages U1 and U2, as well as the parameters of the measuring system, i.e., the elements included in the impedance Z2, the value of the coupling capacitance C1 can be determined using Equation (5), which results from the transformation of Equations (1) and (2). It is assumed that the impedance Z1 is purely capacitive.


    C 1  =    U 2    ω ⋅  Z 2   (   U 1  −  U 2   )       



(5)







In the high voltage measurement method with the use of a capacitive probe, the assessment of the measurement uncertainty requires taking into account several factors. In particular, it concerns the determination of the value of the coupling capacitance C1 between the tested object and the probe.



By transforming Equations (1) and (4) with respect to the voltage U1, the formula for the absolute value (modulus) of the voltage U1 can be written as


    U 1  =  |   (     C 1  +  C 2     C 1    − j  1  ω  R s   C 1     )  ⋅  U 2   |     



(6)







It can be seen that the voltage U1 depends on five quantities: C1, C2, Rs, ω, and U2. The individual parameters in Equation (6) are independent, and therefore to determine the standard uncertainty of the voltage measurement, the formula for the combined standard uncertainty can be used [6]:


  u  (   U 1   )  =    (    ∂  U 1    ∂  C 1     )   2   u 2   (   C 1   )  +    (    ∂  U 1    ∂  C 2     )   2   u 2   (   C 2   )  +    (    ∂  U 1    ∂ ω    )   2   u 2   ( ω )  +    (    ∂  U 1    ∂  R s     )   2   u 2   (   R s   )  +    (    ∂  U 1    ∂  U 2     )   2   u 2   (   U 2   )   



(7)







Individual derivatives are the result of differentiating the Equation (7) with respect to a given variable, and the expressions u2(C1), u2(C2), u2(ω), u2(Rs), and u2(U2) are the appropriately determined standard measurement uncertainties of the individual components of Equation (6). The expanded uncertainty of the voltage measurement given as the final result can be written as:


   U  (   U 1   )  = k ⋅ u  (   U 1   )     



(8)




where k is a coverage factor equal to 2 for the 95% confidence level.



If an element with a very high input impedance is used in the measuring system (in this case, the AD549 voltage follower with an input impedance of 1015 Ω), then due to the elimination of the influence of the input resistance Rs of the signal acquisition card on the measuring system, Equation (6) for the voltage ratio of the system will be simplified, and then it will take the following form:


    U 1  =  |   (     C 1  +  C 2     C 1     )  ⋅  U 2   |     



(9)







Thus, Equation (7) for determining the measurement uncertainty will also be simplified to the following form:


   u  (   U 1   )  =    (    ∂  U 1    ∂  C 1     )   2   u 2   (   C 1   )  +    (    ∂  U 1    ∂  C 2     )   2   u 2   (   C 2   )  +    (    ∂  U 1    ∂  U 2     )   2   u 2   (   U 2   )     



(10)







Limiting the number of variables influencing the uncertainty of voltage determination also allows us to reduce the level of uncertainty, but only to a small extent, because the greatest influence is still the measurement uncertainty of voltage U2, and this does not change.



4.1. Measurement Uncertainty of Voltage U2


In the PD monitoring system, the Pico Technology DrDAQ data acquisition card was used to measure the voltage. According to the technical specification, the accuracy of the voltage measurement is ±3% of the measured value. The formula for the maximum limit error EU of the measured voltage, which is recorded in the waveform averaging mode (at least sixteen), can be written as follows:


    E U  = ±  (  0.03 ⋅  V  M E A S    )     



(11)




where VMEAS is the voltage value measured with the acquisition card. Assuming a uniform distribution of errors and a negligible influence of voltage measurement resolution, the standard uncertainty can be calculated using the formula:


   u  (   U 2   )  =    E U     3       



(12)








4.2. Measurement Uncertainty of Pulsation ω


According to the pulsation formula, the only factor that determines the uncertainty of determining this parameter is the measurement of the time T:


   ω = 2 π  1 T     



(13)







Time measurement is also performed with the DrDAQ signal acquisition card. The limit error ET of the time measurement provided by the manufacturer in the technical specification is described as follows:


    E T  = ±  (  0.2 ⋅  S i  + 0.05 ⋅  W i  +   10   − 4   ⋅  T  M E A S    )     



(14)




where TMEAS is the measured value of time T, Si is the time interval between samples (depends on the sampling frequency), and Wi is the waveform interval (depends on the record length).



Thus, the standard uncertainty u(T) of the time measurement, after taking into account the limit error of the time measurement ET and the error resulting from the resolution d of this measurement, can be described by the formula:


   u  ( T )  =      (     E T     3     )   2  +    (   d  2  3     )   2       



(15)







Finally, the standard uncertainty of determining the pulsations u(ω)—after calculating the differential from the Equation (13) and taking into account the measurement uncertainty of the time u(T)—can be determined using the formula:


   u  ( ω )  =   2 π    T 2    ⋅ u  ( T )     



(16)








4.3. Measurement Uncertainty of Capacitance C2


The capacitance C2 consists of the capacitance of the probe Cp and the coaxial cable Cc, as well as the input capacitance Cs of the analog input. The first two capacitances were measured together using an LCR meter, type ESCORT ELC-3131D, with the limit error described by the formula:


    E c  = ±  (  0.006 ⋅  C  M E A S   + 5 ⋅ L S D  )     



(17)




where CMEAS is the measured capacitance value with the LCR meter and LSD is the least significant digit in the given measuring range. According to the data provided by the manufacturer of the DrDAQ card, the input capacitance Cs of the signal acquisition channel is 17 pF ± 3 pF. After taking both these parameters into account and assuming a uniform distribution of errors, the standard uncertainty of the C2 capacitance measurement can be determined as:


  u  (   C 2   )  =      (     E c     3     )   2  +    (    3 ⋅   10   − 12      3     )   2     



(18)








4.4. Uncertainty in Estimating the Input Resistance Rs of the Signal Acquisition Card


According to the technical specification of the signal acquisition card used, the input resistance of the analog channel is 1 MΩ ± 0.5%. Therefore, the standard uncertainty can be estimated from the equation:


   u  (   R s   )  =    R s  ⋅ 0.005    3       



(19)








4.5. Measurement Uncertainty of Coupling Capacitance C1


In order to estimate the value of the coupling capacitance C1, scaling measurements are performed on the basis of which the value of the coupling capacitance module is determined:


    C 1  =  |     U 2   C 2     U 1  −  U 2    + j    U 2    ω  R s   (   U 1  −  U 2   )     |     



(20)







Standard complex uncertainty takes the form of the equation:


  u  (   C 1   )  =    (    ∂  C 1    ∂  U 1     )   2   u 2   (   U 1   )  +    (    ∂  C 1    ∂  C 2     )   2   u 2   (   C 2   )  +    (    ∂  C 1    ∂ ω    )   2   u 2   ( ω )  +    (    ∂  C 1    ∂  R s     )   2   u 2   (   R s   )  +    (    ∂  C 1    ∂  U 2     )   2   u 2   (   U 2   )   



(21)




and individual uncertainties should be determined as described above.



The uncertainty calculations for various variants of the probe positioning showed that it is in the range of 1% to 5%, which is an acceptable level for the online PD monitoring system.





5. Distance Characteristics


When measuring the voltage with a capacitive probe in the near field, it should be taken into account that the distance between the source of the electromagnetic wave and the probe is of fundamental importance for the amplitude of the registered voltage signal. This is a direct result of the distribution of the electric field around the object on the potential. Using the classic example of a heterogeneous field in the sphere-to-plate electrode system (Figure 11), this relationship can be described by the formula:


   V  ( r )  =    ∫ ∞   P 1     E ⋅ d r =    ∫   P 1   ∞    q  4 π  ε 0   r 2    d r =  q  4 π  ε 0  r            



(22)




where q is the total electric charge of the sphere and P1 is a point in space at a distance r from the center of the sphere.



The presented dependence V(r) = 1/r is a great simplification in relation to reality, but it illustrates well its general character. In order to verify the adopted hypothesis about the influence of distance on the voltage recorded by the capacitive probe, an experiment was carried out. Of course, due to the influence of many factors related to, for example, the vicinity of various types of live devices and earthed elements, the presented results of the experiment are primarily quantitative. Nevertheless, in the context of the described measurement method, their presentation in this article seems to be important.



The distance characteristics, i.e., the dependence of the amplitude of the signal recorded by the probe on the distance from the voltage source, was determined as follows: the capacitive probe was placed at a distance of r = (30–160) cm from a stable signal source, which was a spherical electrode with a diameter of 10 cm, supplied with an alternative current (AC) voltage with a frequency of 50 Hz (Figure 12). In order to obtain high accuracy, the distance of a given probe from the source was measured with a laser rangefinder. The effective value of the voltage generated by the test transformer was 25 kV. For the duration of the measurements, all unnecessary elements were removed from the HV test hall, which could somehow change the electric field distribution in the space between the capacitive probe and the spherical electrode. In addition, the probe was placed on an insulating tripod at a distance of 1.5 m from the ground.



Figure 13 shows the dependence of the amplitude of the voltage signal recorded with the capacitive probe on the distance r from the signal source. Additionally, the approximating function is shown according to the adopted equation:


  y =  A r    



(23)




where A is the function parameter. The parameter A of the non-linear function A/r was determined in the OriginLab program using the Levenberg–Marquardt algorithm.



When analyzing Figure 13, it can be noticed that the applied approximating function (Equation (2)) correctly reflects the nature of the dependence of the amplitude of the signal recorded with the capacitive probe on the distance r. This is confirmed by the high value of the R2 coefficient, equal to 0.94. As previously mentioned, the obtained characteristic has little practical significance, but it allows us to show that the distance r of the capacitive probe from the monitored HV device is a parameter having a large impact on the value of the voltage ratio of the measuring system.




6. Linear Relationship between the Voltage U1 and U2


Equations (1) and (4) show that the relationship between the voltage U2 measured with the capacitive probe and the actual value of the voltage U1 present on the tested object is linear in the entire voltage range. To confirm this, tests were carried out with the use of the measurement setup previously used to study the distance characteristics (see Figure 12). The capacitive probe was placed 100 cm from the spherical electrode that was the source of the signal. The electrode was supplied with a voltage from 5 to 50 kV. The obtained measurement results are shown in Figure 14.



For the obtained measurement results, a linear regression analysis was performed using the York algorithm. The high value of the coefficient of determination (R2 = 0.9998) confirms that the applied linear function describes well (in the tested voltage range and for a given system configuration) the dependence of the voltage U2 measured with a capacitive probe on the actual voltage U1 prevailing on the object. This allows the use of a capacitive probe for non-contact (remote) high voltage measurement.




7. Application Example of the Non-Contact High Voltage Measurement Method in Online Partial Discharge Monitoring


The high voltage non-contact measurement module was first tested in the field during one-day monitoring of a 250 MVA power transformer. Before installing the monitoring system, the location of PD sources was carried out using a standard auscultatory technique, the assumptions of which are described in [37]. The analysis of the measurement results presented in the form of an acoustic map superimposed on the photo of the tested transformer (Figure 15a) showed the existence of two areas in which AE pulses of increased amplitude were recorded. In the first area, which was located directly in front of the upper part of the 1V phase windings, AE pulses with an average amplitude of approximately 350 mV were recorded. In the second area, which covered almost the entire height of the 1W phase winding, AE pulses with an average amplitude of approximately 600 mV were recorded (with the background noise at the level of 30–40 mV). Two piezoelectric AE sensors (CH01 and CH02) of the PDtracker monitoring system were installed in places where an increased amplitude of acoustic signals was found. The CH00 sensor (acting as the reference sensor) was installed close to the 1U phase, where no AE signals had been recorded during previous tests. The location and marking of the AE sensors are shown in Figure 15b. The capacitive probe for high voltage measurement was magnetically attached to one of the sprinkler pipes of the fire protection system, approximately 8 m from the connection point of the 400 kV transmission line with the transformer bushing of phase 1V (Figure 15c).



The installation of a portable PD monitoring system was caused by the alarming results of the analysis of gases dissolved in the oil. On the day that the PD localization was performed, the hydrogen level was 1116 ppm and the acetylene level was 216 ppm. Typical values for the concentrations of these gases given in the IEC 60599 standard are respectively 60–150 ppm for hydrogen and 3–50 ppm for acetylene. In order to avoid a failure, the owner of the transformer decided to turn it off. The transformer was restarted for one day only in order to perform online monitoring of partial discharges and confirm their presence in the insulation system.



The power transformer was started at 12:25, while the non-contact voltage measurement system module started recording at 13:35 (Figure 16). The maximum difference between the voltage measured with the capacitive probe and the voltage measured with the substation voltage transformer was 4.11 kV (1.02%), while the average difference was 1.34 kV (0.33%). These slight differences in voltage measurement were probably due to the imperfect filtration of external electromagnetic (EM) disturbances, the main source of which was corona discharge from HV transmission lines.



During the 24-h transformer monitoring, the voltage varied from 393.9 kV to 422.8 kV. At the moment of switching on the transformer for the test, the temperature of the upper oil layer was 20.2 °C, and at the end of the test, it reached the maximum value of 38.7 °C. The first PD pulses were registered almost 10 h after the start of the test. When analyzing the graphs shown in Figure 16, it can be seen that the period of increased intensity of the AE phenomenon coincided with the period in which the voltage on the transformer was the highest. The maximum voltage value in this period was 422.8 kV, which accounted for 105.7% of the transformer’s rated voltage. The monitoring system stopped recording the AE pulses when the voltage across the transformer dropped to 408.5 kV. This suggests that the phenomenon of partial discharges was the source of the recorded pulses of acoustic emission.



Summarizing the results of the conducted field test, it can be concluded that the proposed method based on a cheap and easy-to-build capacitive probe may be an alternative to typical, large-size devices for high voltage measurement. In addition, such a non-contact voltage measurement technique fits very well with the concept of short-term PD monitoring in a power transformer, using, e.g., the AE or UHF method because it does not require shutting down the tested unit for the time of installation of the module for HV measurement. In addition, it allows us to increase the diagnostic reliability of the monitoring system thanks to the possibility of correlating the intensity of PD with the voltage level.




8. Conclusions


The article presents an innovative system for measuring high voltage with the use of a capacitive probe. This system employs additional equipment of the portable partial discharge monitoring system in the power transformer to ensure its full autonomy and independence from the substation devices.



The article presents the concept of HV measurement with the use of a capacitive probe and a detailed analysis of the selection of the optimal solution was carried out. The developed monopole probe showed the best features taking into account both the electrical parameters and the design properties. Laboratory tests using a prototype capacitive probe allowed for the development of algorithms for determining the voltage ratio and measurement uncertainty. In laboratory conditions, the measurement uncertainty was in the range of 1–5%, which is a fully acceptable result for the remote (non-contact) method of HV measurement.



Finally, the results of the field tests are presented. The object of the research was a 250 MVA power transformer. The voltage measurements using the prototype system were compared with the voltage values recorded by the voltage transformer installed at the substation. The comparative test results showed that the maximum difference in measured voltage was only 4.11 kV (1.02%).



The developed measurement system allows for real-time recording of high voltage values in a safe and non-invasive manner. Importantly, installing the system near the transformer does not require shutting it down. Thanks to the use of advanced methods of digital filtration and noise reduction, the system can work effectively in the presence of strong EM interference. By measuring not only the maximum or root mean square (RMS) value of the voltage, but also by recording the voltage waveform (e.g., during one or more periods), it is possible to precisely correlate the PD activity with the phase angle and create phase-resolved partial discharge patterns (PRPD). Such PRPD images can then be used to recognize the type of defect that is the source of the PD and increase the reliability of the transformer condition diagnostics.
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Figure 1. The result of the eight-day monitoring of the 31.5 MVA power transformer with the simultaneous use of the acoustic emission (AE) and ultrahigh frequency (UHF) method. 
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Figure 2. Daily distribution of average voltage values and average AE pulse rate obtained from 30 days of monitoring of a 330 MVA power transformer. 
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Figure 3. Schematic diagram of non-contact high voltage measurement with the use of a capacitive probe for an autonomous online partial discharge monitoring system. 
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Figure 4. Equivalent circuit of the measuring system: (a) simplified, (b) detailed, where: C1—coupling capacitance between the probe and the tested object, Cp—probe capacitance, Cc—coaxial cable capacitance, Cs—voltmeter input capacitance, and Rs—voltmeter resistance. 
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Figure 5. Construction of a capacitive probe for non-contact high voltage measurement: (a) 3D schematic diagram; (b) technical drawing with dimensions in mm. 
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Figure 6. Comparison of voltage waveforms recorded in the system with and without a voltage follower. 
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Figure 7. Schematic diagram of non-contact high voltage measurement with the use of a capacitive probe for an autonomous online partial discharge monitoring system. 
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Figure 8. Photo of the online PD monitoring system and the components of the non-contact high voltage measurement module. 
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Figure 9. Graphical user interface in the program for configuration, control, and visualization of the high voltage measurement process. 
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Figure 10. Example of two-stage filtering of a raw voltage signal using an averaging filter and a Butterworth low-pass filter. 
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Figure 11. Distribution of electric field strength E and potential V in a heterogeneous sphere-to-plate system. 
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Figure 12. Measurement setup for determining the dependence of the signal amplitude received by the capacitive probe on the distance r from the signal source (spherical HV electrode). 
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Figure 13. Measured dependence of the amplitude of the voltage signal registered by the capacitive probe on the distance r from the signal source and its approximating function. 
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Figure 14. Linear relationship between the voltage U2 measured with the capacitive probe and the actual value of the voltage U1 present on the tested HV object. 
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Figure 15. The tested 250 MVA power transformer: (a) The result of PD localization using a standard auscultatory technique (SAT), (b) arrangement of AE sensors on the transformer tank selected based on the obtained PD location results using the SAT method, and (c) photo of the portable PD monitoring system installed on the tested transformer and the place of mounting the capacitive probe for non-contact high voltage measurement. 
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Figure 16. Voltage values measured with a capacitive probe and substation voltage transformer, the top-oil temperature, and the number of AE pulses recorded by three piezoelectric transducers (CH00, CH01, CH02) during 24-h online monitoring of the 250 MVA power transformer. 






Figure 16. Voltage values measured with a capacitive probe and substation voltage transformer, the top-oil temperature, and the number of AE pulses recorded by three piezoelectric transducers (CH00, CH01, CH02) during 24-h online monitoring of the 250 MVA power transformer.



[image: Energies 14 05777 g016]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 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 (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Capacitive probe

Coaxial
cabl

P Moy

Signal conditioning,

Signal acquisition

Intermal Power Supply +15 VDC
| org
Card
1M
| e Voltage g
protection [~ fllower me |
t UsB cable
Online PD monitoringsystem

Industrial PC






media/file4.png
Voltage (kV)

AE pulse rate
(per minute)

404

150

100

*)
=

- Average voltage

1 L L L L L L L L L L
= Median filtration
T T T T T T T T T T T
] L 1 L 1 L L 1 L L 1
02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00

Time





media/file18.png
averaging filter settings

Sample block
Waveform No
d 20
Samples for block

i 1000

Block Length (microseconds)

20000

Reconstruction

. 1E+6
Q
-4 51E-10
‘a
.. 296611E-11

signal reconstruction

wavelet filter and Butterworth

calibration

Filter
Low frequency

| Jeo
(Calibration
High voltage

0

low pass filter settings

Oscilloscope
Method
Window
channel

scope

\Wavelet filter

&  Jas

settings of individual filter sections

Sample No

Il step

Averaging

III step

Filtering

Signal acquisition settings

Trigger Settings
Trigger Enable Trigger channel
S
~ cope |
Threshold Trigger direction
o Rising |
Hysteresis Trigger Delay (%)
.. - ¥o
Enable auto trigger 4 . trigger time (ms)
- Jo
Output waveform
R Save  Minutes
42,090 ( p
Minimum - :
Capture
-42,149 waveform
RMS RMS Cal |
2,713 ;’
System
Read I Write I
STOP |
Vtracker

voltage registration

control buttons





media/file21.jpg
Vi

~1r






media/file31.png
AE sensor CHO1
AE sensor CHOO

2
S
aw®
Ec
© D
o @
o

gL}
2%
( -
W

(b)





media/file26.png
Peak-to-peak voltage (mV)

9000
8000
7000
6000
5000
4000
3000
2000
1000

0

] T T T T T T
B - Peak-to-peak voltage measured with a capacitive probe 1
- —&—— Approximating function -
Equalion A Adj. R-Square  Slandard error
y==- 2393428 0.9422 9759.9
| 1 1 1 | | 1
20 40 60 80 100 120 140 160 180

Distance r (cm)





media/file27.jpg
000

A & Voltage mesred with s capacie probe
3 Approximting fonction
B
[Frvn @5 b s Ad Rsqun]
et w09 02 ves ses 09995
o W0 ) E) w 50

Voltage U, (V) appliod to the signal ource (spheicl cectode)





media/file3.jpg
= Average voltage

a0

Volage (k)

— Median

AE pulse rate
(per minute

20

ok0

600

w00

o0

20
Time

)

60 1800 200






media/file22.png
A

~1/r

Vlk

VP H






media/file19.jpg
Amplitude (V)

0015

oo

0005

-ams

o0

-ams

Raw signal

—— Averaged signal (1th epetition)
Butterworthfow-pass fitr

o002

00t

0006

oo0s,

001
Time )

o012

oo oo oo

0





media/file7.jpg
u;

u

(b)





media/file28.png
Voltage U, (mV) measured

with a capacitive probe

5000
4500
4000
3500
3000
2500
2000
1500
1000
500
0

I I ] ) I
i Voltage measured with a capacitive probe }
- Approximating function -
5 Equation a  SE b SE Adj. R-Square |
y=ax+b 4099 022 17.65 5.65 0.9998
1 1 ] ] 1
0 10 20 30 40 20

Voltage U, (kV) applied to the signal source (spherical electrode)

60





media/file10.png
Waterproof polyethylene
housing

. Copper rod
w.

p BNC connector

(a)

244

198

200

(b)






media/file33.jpg





media/file32.png
= .|,.....”wwrmwﬂﬂﬂ,.d,?.ﬂ -
10T

)

(c





media/file14.png
Signal conditioning Signal acquisition

Capacitive probe Internal Power Supply +15 VDC ‘
1 DAQ
Coaxial -
cable 1 MS/s
% — Input Voltage .
i Q—= protection || follower —=0O—0) 8 bits

USB cable
On-line PD monitoring system

O=>=0

Industrial PC |






media/file11.jpg
00

004

" o without  valage follower
Shalom with volige follower

04

04

0005

o1

o5

I

o
Time )

o

oS

001

005

Amplitude (V)





media/file6.png
HV Transmission Lines

Capacitive
Coupling

G
Capacitive
be

Autonomous on-line
PD monitoring system

Power Transformer






media/file15.jpg





nav.xhtml


  energies-14-05777


  
    		
      energies-14-05777
    


  




  





media/file16.png
Capacitive probe

Signal conditioning
and data acquisition unit






media/file2.png
UHF pulse rate

AE pulse rate

(per 15 seconds)

(per 15 seconds)

= UHF pulses

4000
3000
2000
1000

== AE pulses

6000

4000 [

2000

00:00

Day

00:00
1 D

ay 2

00:00 Da

y 3

00:00

Day

4

00:00

Time

Day

~00:00
-

Day

~00:00
6

Day 7

00:00
Da

00:00
8





media/file20.png
Amplitude (V)

0.005

—-0.005

=0.01

-0.015

Raw signal

Averaged signal (16th repetition)

Butterworth low-pass filter

0

0.002

0.004

0.006

0.008

0.01
Time (s)

0.012

0.014

0.016

0.018

0.02





media/file23.jpg
High-voltage test hall
Capacitive

'Spl‘agnml electrode 1 & (30-160) cm probe
@10 cm)

Oscilloscope

HV test transformer

Wooden tripod





media/file5.jpg
HV Transmission Lines

\ Power Transformer
Autonomous online

PD monitoring system





media/file24.png
High-voltage test hall
Capacitive

Spherical electrode r € (30-160) cm probe
(010 cm) @+ g |

Oscilloscope

HV test transformer

Wooden tripod





media/file29.jpg





media/file1.jpg
== UHF pulses

- — AEpulses
0000 0000 oom 000 0000 0000 000 00 0000
Day 1% Doy 2 P9 ay3 P pay s O pay's O pgy 6 P pay7 % pays

Time





media/file25.jpg
o0

& Peskto-pesk votage measred wih 3 apaciive probe
—o— Approvimating unction

Equation A A9 Roqan  Sandadenor

T )

w

) 100 ) o 60
Distance  (em)





media/file12.png
Amplitude (V)

0.06

0.04

0.02

-0.02

-0.04

-0.06

system without a voltage follower
system with a voltage follower

0

0.005

0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time (s)

Amplitude (V)





media/file9.jpg
o

An

A4

&

"

Copperrod

‘Waterproof polyethylene
BNC comector

®





media/file0.png





media/file30.jpg





media/file8.png
U1 —O

]2, ) U,

(a)

U, o
C, Jb—
—c, —=c. =c)|rR. |

(b)






media/file34.png
428.7

4225

416.4

Voltage (kV)
b= o
=
[95]

.
o
.‘4:.
[}

398.0

3919

=
—

(S5
wn

Top-oil temperature (°C)
(] [F%]
9] =

I~J
=

_ 1200
1000
800
600
400
200

AE pulse rate (per minute

1200
1000
800
600
400
200

AE pulse rate (per minute)

0
1200

1000
800
600
400

200

AE pulse rate (per minute)

1 1 1 I
—12:25 — Switching the transformer on

—13:35 - Starting voltage measurement i ‘
with a capacitive probe o . | ﬁ {

Voltage values measured by the capacitive probe
Voltage values registered in the SCADA system

1 1 1 1

1 1 1 1

Top-oil temperature (°C) I

— AE pulse rate (per minute) for CH00 I

| 1 ] e L ILM.. Fopea T vy

AE pulse rate (per minute) for CHO1

= AE pulse rate (per minute) for CH02 I

1 1 ll|

12:00 18:00 00:00 6:00
Time

12:00






media/file17.jpg





