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Abstract

:

Today, online partial discharge (PD) measurements are common practice to assess the condition status of dielectrics in high-voltage (HV) electrical grids. However, when online PD measurements are carried out in electrical facilities, several disadvantages must be considered. Among the most important are high levels of changing electrical noise and interferences, signal phase couplings (cross-talk phenomena), and the simultaneous presence of various defects and difficulties in localizing and identifying them. In the last few decades, various PD-measuring systems have been developed to deal with these inconveniences and try to achieve the adequate supervision of electrical installations. In the state of the art, one of the main problems that electrical companies and technology developers face is the difficulty in characterizing the measuring system’s functionalities in laboratory setups or in real-world facilities, where simulated or real defects must be detected. This is mainly due to the complexity and costs that the laboratory setups entail and the fact that the facilities are permanently in service. Furthermore, in the latter scenario, owners cannot assign facilities to carry out the tests, which could cause irreversible damage. Additionally, with the aforementioned installations, a comparison of results over time in various locations is not possible, and noise conditions cannot be controlled to perform the characterizations in a correct way. To deal with the problems indicated, in this article, an affordable scale modular test platform that simulates an HV installation is presented, where real on-site PD measuring conditions are simulated and controlled. In this first development, the HV installation comprises a cable system connected at both ends to a gas-insulated substation (GIS). As the most common acquisition technique in online applications is based on the placement of high-frequency current transformer (HFCT) sensors in the grounding cables of facilities, the test platform is mainly adapted to carry out measurements with this type of sensor. The designed and developed test platform was validated to assess its features and the degree of convergence with a real installation, showing the convenience of its use for the appropriate and standardized characterization of PD-measuring systems.
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1. Introduction


PDs are partial short circuits in dielectrics, formed by the ionization processes of low energy, where inhomogeneous electric fields are present. When an HV asset has an insulation defect, the presence of PD activity is common. When PD occurs, repetitive pulsating signals of very short duration are generated. Several studies have demonstrated that PD activity is closely related to the degradation of the insulation materials of HV electrical grids [1,2,3]. PD measurement makes it possible to detect insulation defects before dielectric breakdown due to a short circuit. Dielectric breakdowns cause risks to individuals, material damage, losses of power supply, and increased operating costs. Online PD measuring is gaining special attention because it makes the effective detection of defects in installation assets possible [4,5,6,7]. The main advantage of online measurements is that they are performed when the facilities are in normal operation. To appropriately detect PD activity and perform accurate diagnosis, various measuring applications based on electromagnetic methods have been and continue to be developed [8,9,10,11,12]. These applications usually have specific functionalities, such as background noise filters to improve the sensitivity and PD source discrimination, as well as location and defect identification tools [3,4,13,14]. They also have the capacity to generate assisted or automatic alarms when a critical defect is identified [15]. On many occasions, the diagnosis results show varying degrees of success depending on the technology implemented, the effectiveness of their functionalities, and the training and expertise of the technical analysts.



When the benefits of using a particular functionality are presented, complex laboratory setups with artificial defects in a certain asset or in test cells are usually used [4,6,14]. On other occasions, for this purpose, on-site case studies in real installations have been presented [3,7,11,15]. The laboratory setups required are complex and expensive, and can only be used in specific locations. Moreover, on-site installations cannot be generally used for this purpose due to their lack of availability and the risks involved when tests are performed at the location. In both cases, it is not possible to make a comparison of the results over time in different emplacements regarding various technologies, and the noise conditions during the measurements cannot be adequately controlled. Currently, electrical companies and technology developers are requesting a technical solution that enables the characterization of the measuring system’s functionalities in a reproducible manner, without the requirement of using specific laboratory setups or on-site electrical facilities.



To facilitate the performance of characterization tests, in [16,17], small-scale systems with isolation defects generated in individual insulation elements or test cells were developed. The implementation of the above systems is useful, since PD activity from several defects can be simultaneously generated in portable structures. However, the previous setups have the following disadvantages:




	
HV application is required, and the PD is generated at the measuring point. That is, the measured pulses are not representative of those measured on site;



	
Given the stochastic nature of the PD generated over time, the performance of reproducible or standardized tests with these scale systems is not possible. Thus, the realization of intercomparisons among various technologies is not possible;



	
The noise influence during measurements cannot be adequately controlled;



	
The physical conditions for PD measurements in real, three-phase installations are not reproduced. Thus, a consideration of technical aspects such as phase coupling and pulse attenuation, distortion, and reflection is not possible. This implies that some functionalities, such as those developed for affected phase identification, defect location, or defective element recognition, cannot be characterized;



	
The measurement conditions regarding PD acquisition significantly differ from those on site.








To address the first three previously noted disadvantages in [18,19,20,21], a solution based on the controlled generation of PD time series is presented. An analog generator reproduces artificial PD and noise signals or signals previously measured in a laboratory setup or on site, with the additional advantage of not being necessary in the generation of HV. However, although this solution is useful, the capabilities of an analog PD generator are insufficient to overcome the last two disadvantages. To deal with these disadvantages, a specific scale modular test platform was developed to simulate reproducible real physical measuring conditions and is presented in this paper. The injection of an analog time series in the test platform initiates the opportunity to address all the technical aspects required, such as noise influence, sensor coupling and signal transmission, attenuation, distortion, and reflection. Furthermore, the use of the test platform precludes having to carry out HV tests in complex laboratory setups or on-site facilities. In addition, the use of the generator with the test platform inside a shielded chamber allows for the realization of evaluation tests under controlled noise conditions.



The next section focuses on the presentation of the modular test platform. Section 3 assesses its validation, showing its degree of convergence with a real HV installation. Lastly, Section 4 is dedicated to the conclusions. In this last section, the benefits of using the test platform are indicated.




2. Scale Modular Test Platform Design


For the appropriate characterization of PD-measuring systems, the configuration of the test platform must be representative of a three-phase power installation and simulate its physical online and offline measuring conditions.



To achieve an adequate physical model, various concepts must be considered, such as the model layout configuration and technical features related to the following aspects: PD injection points where the insulation defects are reproduced, the waveform of the injected signals in simulating the defects, the measuring technique, and the measuring points for PD acquisition.



In the first approach, for simplicity, the design of the platform is focused on the simulation of an underground HV distribution line. The three-phase line has two straight joints (see Figure 1), and it is connected at both ends to a GIS substation.



For the characterization tests’ implementation, the test platform comprises the following elements (see Figure 2):




	
Analog signal generator (ASG) subsystem (1): In this element, PD and electrical noise signals are generated for the measuring systems’ characterization. These signals are of the same nature as those present in the power grids;



	
Functional scale module subsystem, consisting of the insulated three-phase cable elements (2), straight junction chambers (3), cable-GIS connection elements (4), and GIS modules (5);



	
Defect injection distributed subsystem (6), which is used for the simulation of PD sources associated with insulation defects. The PD time series can be injected into the following elements of the installation: GIS compartments, cable terminals, and cable joints;



	
Distributed HFCT sensors subsystem (7), which is used to carry out PD measurements in two proposed positions of the installation;



	
Noise injection subsystem (8), which is used for the appropriate reproduction of the same background electrical noise-measuring conditions of a real installation. Within this subsystem are the cable–GIS connection elements (4) and the HFCT sensors (7);



	
A measuring subsystem (9), with at least a three-channel acquisition unit per measuring point.








In the design process, the following aspects were considered to achieve a feasible test platform.



	
Selection of an appropriate cable for the simulation of the power coaxial cable of a real installation. The best option was to choose a commercial signal coaxial cable that was cost-effective, lightweight, and not bulky, and with adequate impedance matching, attenuation behavior, and propagation speed;



	
Once the signal cable was selected, for the reproduction of the traveling wave behavior, the technical features of cable attenuation, signal reflection, and propagation speed were considered in detail;



	
Furthermore, the signal behavior in the measuring points needed to be adequately reproduced. In this way, impedance matching in the cable–GIS connection points (border points) was undertaken in two steps to reproduce the same conditions as in an HV installation;



	
In addition, the method of generating and injecting insulation defects and electrical noise needed to be considered so as to simulate the same measuring conditions as in an HV installation;



	
In the final stage of the design, it was necessary to validate the test platform. For this purpose, various measurements were carried out in a real HV cable and setup and in the first test platform prototype. The validation study was reinforced with simulations performed using software tools.






All these issues are treated in detail in the following sections.



The design of the test platform used to simulate the real installation considered the reference values of the parameters of the involved assets. These values were obtained with experimental frequency sweeps in laboratory tests under standard conditions (temperature of 20 °C) and subsequently compared with those provided by the manufacturers at the same temperature. The platform validation tests were performed at this temperature. Thus, proper simulation and verification were achieved.



For result-comparison purposes, when characterization tests were performed, the same temperature was required to be set in order to maintain the same measuring conditions and properties in the test platform.



2.1. Selection of a Commercial Signal Coaxial Cable


With a view to developing a commercially viable test platform, its price, weight, and dimensions must be adequate. In addition, in the points where the insulation defects are simulated, impedance matching with the ASG must be performed. This last technical requirement is necessary to avoid signal distortion and incorrect QIEC charge values in the measurements. Since the standardized output impedance of ASGs is 50 Ω, the selection of a signal cable with a characteristic impedance of 50 Ω is highly recommended.



Furthermore, the signal propagation speed of the selected cable should be as close as possible to that of the HV cable to be simulated. The cable to be simulated is of 66 kV, 1200 mm2 aluminum conductor and has a 9 mm-thick, cross-linked polyethylene (XLPE) insulation.



The minimum propagation speed for the signal cables referred to in the technical specification MIL-C-17 [22] is 198 m/μs. Thus, as the propagation speed of the HV cable to be simulated is around 169 m/μs, and the most adequate signal cables of the MIL-C-17 regarding this parameter are those with the lowest propagation speed.



Additionally, cable attenuation must be considered. High attenuation values with respect to the characteristic values of HV lines mean that in order to obtain the same levels of attenuation, the effective lengths in the model will be shorter. With a shorter effective equivalent length, the weight, volume, and costs will be reduced in the test platform.



Taking into account the aforementioned indications, after a survey was conducted, the most suitable cables considered for detailed analysis were LLF 240, RG 59, RG 58, and RG 174. The characteristics of these cables were set according to the technical specification MIL-C-17. The features indicated in Table 1 were assessed for these cables under the assumption that each had the same weight. The rating criteria were as follows: [image: Sensors 24 01363 i001] excellent (4 points), [image: Sensors 24 01363 i002] very good (3 points), [image: Sensors 24 01363 i003] good (2 points), [image: Sensors 24 01363 i004] bad (1 point), and [image: Sensors 24 01363 i005] very bad (0 points). According to the scores obtained, the RG 174 cable was deemed the most suitable for use in the implementation of the test platform. This cable contained a 0.14 mm2 copper conductor and a polyethylene (PE) insulation 1.5 mm in diameter.




2.2. Signal Attenuation Consideration and Initial Estimate of the Adequate Real Line to Be Simulated


To perform accurate diagnoses using PD measurements, the analysis of pulse attenuation with the traveled distance is essential. The attenuation levels in the test platform must be very similar to those that occur in the HV line. To achieve this, the effective length of the RG 174 cable must be defined.



The signal attenuation is frequency-dependent, and to characterize how it affects PD pulses, it is necessary to establish the traveled distance up to which attenuation below a certain frequency can be considered negligible. Furthermore, it is also necessary to determine the reference distance traveled above which the spectral components of interest can be considered negligible. For this purpose, the attenuation curve of the 66 kV XLPE cable was analyzed from 100 Hz to 1 GHz (see Figure 3).



The graph depicts 100 Hz to 1 MHz (see Figure 4), and so it can be observed that up to 100 kHz, the attenuation of this cable is slightly below 0.05 dB/100 m. This means that to attenuate 1 dB (i.e., to lose 10% of the pulses energy) for frequencies up to 100 kHz, the pulses have to travel more than 2000 m. Therefore, below 2 km for frequencies up to 100 kHz, the attenuation effect over distance can be considered negligible. Thus, when comparing the attenuation of both cables, if the maximum traveled distance simulated in the test platform is less than 2 km, the lower frequency limit to be considered is 100 kHz.



The study described in this paper was focused on PD acquisition using HFCT sensors; consequently, the higher frequency of interest can be considered as being up to 100 MHz. For frequencies above 100 MHz, the attenuation is greater than 13 dB/100 m, i.e., the pulses are attenuated by more than 78%. When the pulses travel more than 153 m, the attenuation will be greater than 90%. Thus, if the distance to be simulated in the test platform between an insulation defect and any measuring point is greater than 153 m, the frequency content of the traveling pulses can be considered negligible above 100 MHz.



In the characterization of attenuation, according to these previous considerations, the frequency interval of interest could be set as between 100 kHz and 100 MHz.



The attenuation analysis over distance was also performed for the RG 174 cable. Figure 5 shows the attenuation curves for both cables. The attenuation curves shown in Figure 3 and Figure 5 were obtained experimentally by performing a frequency sweep for the two cables (66 kV and RG 174).



As the attenuation curves are different, it is necessary to find the equivalent length for the RG 174 cable that will obtain the same attenuation as that in the real cable of 66 kV. To find this equivalent length, for each frequency f, the amplitude of a pulse must be the same when traveling a distance LMT over the cable of 66 kV and its equivalent distance LRG174 over the RG 174 cable; see Equation (1).


    v ( f ,   L   M T   )   c a b l e   M T   =   v ( f ,   L   R G 174   )   c a b l e   R G 174    



(1)







If we replace in each term of Equation (1), Equation (2) [23] describing the propagation distance, where γ(f) is the propagation coefficient and Vo the initial pulse voltage for each frequency, the relationship between the two cable lengths can be expressed via Equation (3).


  v   f ,   L   x     =   V   o     f   ·   e   − γ ( f ) ·   L   c a b l e      



(2)






      L   M T       L   R G 174     =     γ   R G 174   ( f )     γ   M T   ( f )    



(3)







The attenuation in decibels (dB) is determined by Equation (4). The propagation coefficient γ(f) of each cable is obtained first by substituting Equation (2) into Equation (4) [24] and then replacing in Equation (5), the values of   Δ d B   taken from Figure 5 for a cable length (LCable) of 100 m.


  Δ d B   f ,   L   c a b l e     = − 20 · l o g     v   f ,   L   c a b l e         V   o     f        



(4)






  Δ d B   f ,   L   c a b l e     = 8.68 · γ ( f ) ·   L   c a b l e    



(5)







The relationship between the length of both cables as a function of frequency (see Figure 6) is obtained using Equation (3).



As shown in Figure 6, the length ratio as a function of frequency shows an inverse exponential behavior. Therefore, in the first approach, obtaining a constant value to establish an equivalence between both lengths is not possible. In the second approach, by iterating in Equation (6) the length ratio (Γ), an average value can be calculated for it.



The average ratio is obtained for the value at which the lowest attenuation at low frequencies is compensated by the highest attenuation at high frequencies. Starting from an initial value of Γ, in each iteration, the difference in areas between the exponential curve of ratio         L   M T       L   R G 174         and the line of the average value Γ is calculated before and after the cutoff frequency between both       f   Γ   :     L   M T       L   R G 174         f   Γ     = = Γ    . The final ratio value at which the iteration ends is then the one that makes both area differences equal. With this value, the pulses traveling along both cables end up being as similar as possible. This equivalence can be adapted to any type of cable being simulated in the test platform.


    ∫  100   K H z     f   Γ       :       L   M T       L   R G 174         f   Γ     = = Γ        L   M T       L   R G 174       f   − Γ   d f   =   ∫    f   Γ       :       L   M T       L   R G 174         f   Γ     = = Γ   100   M H z      Γ −     L   M T       L   R G 174       f     d f    



(6)







For the cables under study, the ratio value obtained was 5.8. When applying this value, the waveform and frequency spectrum of the traveling pulses in both cables converged by more than 85%. The degree of convergence obtained is presented in Section 3.1.



The relationship obtained establishes that 100 m of the 66 kV cable being simulated is equivalent to an effective length of 17 m of the RG 174 cable used in the test platform.



The signal attenuation characterization described in this section is useful for deriving an initial estimate of the adequate real line to be simulated. Thus, it is desirable, for one, that in this line the total length traveled by a pulse be less than 2 km, and for another, that the distance traveled by a pulse between a PD source and any measuring point be greater than 153 m.




2.3. Signal Reflection Consideration in the Cable System and Line Length Estimate


To simulate the same measurement conditions as in a real HV installation, the effect of the signal reflection on the impedance changes must be considered. For the line shown in Figure 1, these impedance changes take place at the cable–GIS connections points. In straight joints, if the accessories are correctly assembled, there are no impedance changes that give rise to appreciable reflections. In real cable systems, as the distances are generally long, the waveform of the measured pulses is not affected by superposition with pulses coming from reflections. This same scenario must be maintained in the test platform. The duration of the PD pulses measured with HFCT sensors in HV lines generally does not exceed 1 μs. Thus, if the time delay of the reflected pulses with respect to the original ones is greater than 1 μs, we can infer the absence of overlapping between them. Considering the signal propagation speed of the RG 174 cable (198 m/μs) and of the cable with 66 kV (169 m/μs), a time of 1 μs corresponds to additional distances traveled by the reflected pulses of 198 m and 169 m, respectively. In this way, to avoid overlapping, in the worst case, the additional distances traveled must be greater than these distances. For the modeled line in the test platform (see Figure 7) and the measurements performed at point 1, the additional distances are indicated in Table 2, with the presence of defects at points 1, 2, 3, and 4 being considered. The reference cable section length A was considered for the test platform. If the measurements were to be performed at point 4, the results would be equivalent since the line has a symmetrical configuration.



It can be verified that when the measurements are performed in point 1, the worst case—that is, the shortest distance (2A)—is obtained when there is a defect in point 3 (second joint). Figure 6 shows the pulses’ traveling paths when there is a defect in this point. The violet line represents the additional path (2A) traveled by the reflected pulses.



Therefore, to ensure the absence of pulse overlaps, the cable section length A set for the test platform is 100 m, with the distance 2A (200 m) being greater than the minimum required (198 m). In the previous section, it was established that the length ratio between the RG 174 cable and the cable of 66 kV is 5.8; thus, the 100 m section selected in the test platform corresponds to 580 m in the HV installation. When using this distance in the real installation, there is no overlap in the measured and reflected pulses. The complete cable systems’ lengths, considering that they are formed from three cable sections (see Figure 7), are 300 m and 1740 m, respectively.




2.4. Signal Propagation Speed Consideration


Another feature to consider in the test platform design is the signal propagation speed (Vp). In PD diagnosis, this parameter is used for defect localization. When an online measurement is performed using HFCT sensors with the distance between them (L) and the signal propagation speed (Vp) being known, the localization of the PD sources is possible. When applying time-of-flight analysis to the measured pulses [4], the equations below are used. For each phase, a pulse detected by one sensor is associated with another detected by a consecutive one only if the time delay between their arrival times Δt is less than the signal propagation time between the measuring points tw (defined in Equation (7)).


    t   w   =   L     V   p      



(7)







With the parameters Δt, tw, and L being known, the location of a pulse source x(Δt) can be determined using Equation (8).


  x   ∆ t   =   L   2   ·   1 −     ∆ t     t   w          



(8)







For the characterization of the functionalities of measuring systems used for defect localization, the main technical requirement is that the signals generated in the PD sources arrive with the expected delay at the sensors position.



To simulate a real 66 kV cable 1740 m in length for PD source localization purposes, the propagation speed of an RG 174 cable 300 m in length must be redefined and determined as follows. As the propagation speed of the RG 174 cable is 198 m/μs, the signals take 1.5 μs to travel the 300 m. This is the real propagation time and cannot be modified. Thus, as the length to be simulated is 1740 m, to maintain the calculated propagation time, a new fictitious propagation speed parameter is set for the RG 174 cable. This new parameter is called the equivalent propagation speed (Vpe), and its value is given by Equation (9).


    V   p e   =     V   p     R G 174   ·     L   H V       L   R G 174      



(9)




where VpRG174 and LRG174 are the propagation speed and length of the RG 174 cable, respectively, and LHV is the length of the HV cable.



The equivalent propagation speed value obtained, Vpe = 1164.2 m/μs, must be considered for the estimation of the defects’ locations in the test platform.




2.5. Impedance Matching and Measuring Conditions


To simulate the same pulse behaviors, the effect of impedance change at the cable–GIS connections must be the same in the test platform and in the HV installation. In addition, the measuring conditions in the grounding connections must also be the same. To fulfil the above, a study was carried out in two stages. In the first one, the coaxiality between the cable and GIS was maintained up to their junction point. This consideration enabled an estimate of the GIS characteristic impedance and the design of this element in the test platform. In the second stage, the effects of the cable terminal–earth connection were assessed. Via these considerations, the conditions of measuring using HFCT sensors could be properly reproduced in this critical part of the test platform.



2.5.1. GIS Characteristic Impedance and Design


In any real HV installation, the cable and GIS impedances are always defined. For the estimate of GIS impedance in the test platform, the impedance value of the selected RG 174 (50 Ω) cable must be considered. In the estimation process, a condition is imposed whereby the pulse reflection phenomenon must be the same for the HV line and the test platform. Signal reflection at the boundary points is characterized by the reflection coefficient Гz [25]. This coefficient depends only on the impedance involved, and its value is determined by Equation (10), with ZGIS and Zcable being the GIS and cable impedances, respectively.


    Г   z   =     Z   G I S   −   Z   c a b l e       Z   G I S   +   Z   c a b l e      



(10)







Considering the cable and GIS as transmission lines composed of infinitesimal elements (see Figure 8) [26], the value of the previous impedances can be derived from Equation (11) [27], where Rd, Ld, Gd, and Cd are the distributed resistance, inductance, conductance, and capacitance of these elements, respectively.


  Z =    (   R   d   + w     L   d     j )   (   G   d   + w     C   d     j )     



(11)







In coaxial geometries, for frequencies above 100 kHz,     R   d   ≪ w   L   d     and     G   d   ≪ w   C   d    , and therefore Equation (11) can be simplified to Equation (12).


  Z =      L   d       C   d         



(12)







In a real HV line, for the characteristic values of the 66 kV cable and the 66 kV GIS considered (Ld cable (160 nH), Cd cable (211 pF), Ld GIS (203 nH) and Cd GIS (67 pF)), the cable and GIS impedances are 28 Ω and 55 Ω, respectively.



The values of the previously distributed parameters were obtained from the theoretical and practical development presented in Appendix A of this article. Through Equation (10), the reflection coefficient at the boundary point can be inferred to be 0.32. To simulate the behavior of the reflected pulses in the test platform, the same reflection coefficient must be set, and thus impedance matching between the cable and GIS is required. As such, as the RG 174 test platform cable is 50 Ω, the GIS impedance must be calculated using the following equation:


    Z   G I S   p l a t f o r m   =   Z   R G 174   ·   1 +   Г   z     1 −   Г   z      



(13)







The resulting value of ZGIS platform to be considered in the design of the GIS was 97 Ω. To achieve an economically viable prototype, an RG 62A coaxial cable of 93 Ω was used to simulate this element of the test platform. This is the cable that best fits the 97 Ω required. The difference between the target reflection coefficient (0.32) and the one achieved with 93 Ω (0.3) is 5%. With this slight deviation, this approach can be considered as yielding an adequate simulation of the reflected pulses.



To simulate the pulses’ behavior when they propagate through the GIS, an equivalent length was established for the RG 62A cable with the same propagation speed as that in a real GIS. As the pulse propagation speed in the 66 kV GIS to be simulated is similar to that of light (Vp = 300 m/µs) and as the propagation speed of the RG 62A cable is 250 m/µs, its length must be 1.2 times shorter than that of the simulated GIS. Assuming that the 66 kV GIS is 10 m long, the length required for the RG 62A cable will be 12 m. As the lengths of the real and simulated GIS are very short, the signal attenuation phenomena can be considered negligible when the pulses travel through this coaxial media.



The degree of pulse reflection in the epoxy resin spacers of the GIS compartments is negligible when the wavelength (λ) of the signals is 10 times longer than the length of these spacers [28], which does not exceed 20 cm. Thus, for wavelengths longer than 2 m, in applying Equation (14) and considering a pulse propagation speed in the spacers of 165 m/µs, for frequencies higher than 87 MHz, their reflections can be neglected.


  f =     V   p     λ    



(14)







For signals with a spectral content greater than 87 MHz, as the characteristic impedance of the spacers (around 60 Ω) [29] is very similar to that of the GIS compartments (around 55 Ω), the reflection coefficient is very low (around 0.04), meaning that in this case, the reflections can again be neglected.



At the output of the GIS, continuity with a cable system is simulated with the same cable–GIS connection elements as at the input. In addition, these modules are connected to a 50 Ω BNC-type impedance in order to ensure the same impedance as that of the RG 174 cable.




2.5.2. Consideration of Measuring Conditions


In real installations, the cable screen is grounded in the connections with the GIS (see Figure 9); thus, at the measurement points, the coaxiality is interrupted. In this case, the waveform of the original pulses coming from the cable is only maintained for the reflected ones that return through it. Consequently, to characterize the signal’s behavior in the grounding cables where the HFCT sensors are located, it is necessary to carry out the following analysis.



To simulate the same measuring conditions in the cable earthing points, the equivalent circuit formed by the impedances at the cable–GIS connection points (GIS–grounding and cable screen–grounding) is considered (see Figure 9).



In this part of the test platform, the impedances are those of the cable (Zcable), GIS (ZGIS), cable grounding (ZCable-ground), and GIS grounding (ZGIS-ground), as well as the stray capacitance between the cable and ground plane (Cp cable-ground).



It is assumed that the GIS grounding is close to the cable connection. In this case, the value of the impedance ZGIS-ground can be considered zero. In addition, it is assumed that in the area close to the cable–GIS junction point, the distance between the cable and the ground plane is large enough (>30 cm) [30,31] to consider the capacitance value Cp cable-ground to be very low. Consequently, the pulses only circulate through the impedance Zcable-ground.



As the elements used to simulate the cable system (RG 174 cable) and GIS (RG 62 A cable) have already been defined, it is only necessary to determine the value of the grounding impedance (Zcable-ground) components. For this purpose, the grounding is considered as a transmission line and is studied using the distributed parameter method (see Figure 10).



The circuit shown in Figure 10 was simulated with Simulink for a real 66 kV installation and for the test platform. The values of the distributed cable and GIS parameters considered in the models were obtained from the theoretical and practical development presented in Appendix A. For the grounding cable, a length of 10 m was considered. Taking for the parameters Ld, Cd, and Rd of the real installation, the values of 0.7 µH, 6 pF, and 0.5 mΩ, respectively, very similar pulses can be measured in both installations when for the test platform, these parameters are adjusted to 1 µH, 5 pF, and 0.1 mΩ, respectively. To compare the similarity of the measured pulses, a reference pulse was injected between the conductor and the screen of a two-meter-long cable connected to a GIS. The injected pulse was defined by the inverse double exponential function indicated in Equations (15) and (16) [32], where     V   p     is the pulse peak voltage,     t   a     and     t   b     are the time constants related to its rise and fall time, and     t   0     is the delay from the beginning of the injected signal.


    V   o   =   V   p   ·     t   a   +   t   b       t   b   ·         t   a       t   b               t   a         t   a   + t   b            



(15)






  v =     V   o       e     t −   t   0       t   a       +   e   −   t −   t   0       t   b          



(16)







For the same pulse injected in both models (see Figure 11a,b), the waveform and frequency spectrum of the pulses measured are very similar (see Figure 11c,d).





2.6. Insulation Defects and Pulsating Noise Simulation


The generation of insulation defects in the test platform can be undertaken in each phase in the two cable terminals, two cable joints, and two GIS compartments (see Figure 2). This makes a total of eighteen injection points. The PD time series corresponding to the defects are generated with the ASG. At each injection point, there is a BNC T-type adapter connected to the main conductor and screen/enclosure of the affected element (cable terminal, cable joint, or GIS). The ASG is wired to the T adapter with an LLF 240 cable of one meter and 50 Ω. This cable was chosen due to its very low attenuation and consequently negligible influence on the injected signals.



As the impedances of the ASG and the LLF 240 and RG 174 cables are the same, we see impedance matching in the injection points of the cable terminals and joints. Thus, in these emplacements, there is no pulse reflection. However, as the cable used to simulate the GIS compartment (RG 62-A) is 93 Ω, an impedance matching with the LLF 240 cable is required. This matching is carried out by means of a passive resistance adapter based on the balanced pi attenuator shown in Figure 12 [33]. To achieve the impedance matching, in the first step, the parameter voltage gain (Vgain) is calculated by applying Equation (17), and then the parameter of minimum possible attenuation (attenuation dB) is obtained using Equation (18) [33]. Zout and Zin are the RG 62-A (93 Ω) and RG174 (50 Ω) cables’ impedances, respectively. As the value of the minimum possible attenuation is −7.2 dB, the output voltage is 43.4% lower than the input voltage. This reduction is considered in the injection process of the PD time series in the GIS.


    V   g a i n   =     V   o u t       V   i n     =     1        Z   o u t       Z   i n        +      Z   o u t       Z   i n     − 1       



(17)






  A t t e n u a t i o n   ( d B ) = 20 · l o g     V   g a i n      



(18)







In the second step, the resistances in parallel at the adapter input (Rshunt-in) and output (Rshunt-out) and the two resistances in series (Rseries) are calculated with Equations (20)–(22) [33], respectively. Vout is the signal voltage level in the adapter output, which is determined using Equation (19) [33]. For the impedance values of Zin (50 Ω) and Zout (93 Ω), the resulting values of Rshunt-in, Rshunt-out, and Rseries are 73 Ω, 8 kΩ, and 64 Ω, respectively.


    V   o u t   =      Z   i n       Z   o u t     ·   1     10   (   V   g a i n     ·   0.1 )       



(19)






    R   s h u n t − i n   =       Z   o u t   ·   Z   i n     −       Z   i n     2   ·     V   o u t     2         Z   o u t   +     Z   i n   ·     V   o u t     2     − ( 2 ·   Z   i n   ·   V   o u t   )    



(20)






    R   s h u n t − o u t   =     V   o u t       1     Z   i n     −     V   o u t       Z   o u t     −   1     s h u n t   i n        



(21)






    R   s e r i e s   =     1 −   V   o u t       ·       Z   i n   ·   s h u n t   i n         s h u n t   i n   −   Z   i n        



(22)







In a real power line, PD sources are generated somewhere in the dielectric between the main conductor and the cable screen or GIS enclosure. In these cases, the pulses first propagate through the healthy part of the dielectric until they reach the active or screen/enclosure of the affected element and then through the transmission line. However, when the PD source is simulated with the ASG, the healthy part of the dielectrics cannot be considered. In this case, the pulses are injected directly between the active and the screen/enclosure and then propagate through the line. This approach to injecting the pulses can be considered suitable for the following reason. In the case of a real insulation defect, at the position where the PD source is located, the capacity of the defective dielectric is much smaller than is the one in the series of the healthy dielectric, so the former prevails, and the latter can be neglected. Consequently, for practical purposes, the method of simulating PD sources with the ASG, where only the capacity of the defective dielectric is considered, is adequate. The previous consideration is the same as that accepted in the calibration process of a PD measurement, when the calibrator is connected to the test object.



The PD time series to be injected with the ASG were previously measured in a controlled way in cable accessories and test cells where real insulation defects were generated. Pulsating noise signals characteristic of electrical grids can also be generated with the ASG to simulate this type of noise condition. These signals are injected in the test platform in the same way as are the PD pulses time series.




2.7. Background Noise Signal Simulation


To simulate the same background noise conditions as those seen in a real installation, the following procedure was established. In the first step, the noise signals to be injected were previously measured online with HFCT sensors in real cable systems. The bandwidth of these sensors was up to 80 MHz. The original and measured noise time series are identified with the letters A and B, respectively, in Figure 13. In the second step, the original signals, identified with letter C, were recovered by signal reconstruction, applying the method explained in [23]. This method was developed experimentally through sensor characterization. After this step, the noise time series were prepared for generation with the ASG.



In the third step, the noise signal time series are injected in the test platform to be measured using the HFCT sensors. In this process, to avoid changes in the noise signal waveform at the injection points, the coaxiality in the transmission medium must be maintained. Thus, a galvanically isolated module that wraps the three sensors of each measuring position was designed. The noise signals are conducted through the three sensors individually (by means of three different conductors), offering the possibility of injecting the same or a different noise time series in each phase (see Figure 13 and Figure 14). With this configuration, changes in the signal waveform that might occur if a unique conductor were to be passed through the three sensors are prevented. To avoid reflections, the noise module must have the same characteristic impedance as the ASG (50 Ω). This impedance value is achieved via the appropriate design of the module dimensions. First, the ideal characteristic impedance (Zk) is calculated using Equation (23) [34] given that the active conductor diameter implemented for the noise injection is zero.


    Z   k   =   4 · H   π ·     e       Z   0   ·    ε   r        60        



(23)







Z0 is the characteristic impedance (50 Ω), εr is the relative permeability of air (1.01), and H is the inner module height, set as 120 mm for an HFCT sensor height of up to 120 mm. Then, the diameter of the active conductor D can be determined by applying Equation (24).


    Z   k   =   2   1 −   D   H     · l n     1   1 −   D   H     + 1   −     1   1 −   D   H     − 1   · l n     1       1 −   D   H       2     − 1    



(24)







Setting the module height to accommodate sensors with an outer diameter of up to 120 mm results in a conductor with a diameter of 55 mm. With this design, a convergence in the measured signals B (see Figure 13) is obtained in the time and frequency domain.





3. Test Platform Validation


To validate the test platform, the similarities between the pulses’ behaviors here and in a real installation of 66 kV were analyzed. The convergence of the pulses was checked in the following parts of both installations:




	
In the cable system, where the cable design was validated;



	
In the measuring points, where the cable–GIS connection and the earth connection designs were validated.








3.1. Cable System Validation


In the design process presented in Section 2.3, the total cable length set in the test platform to simulate a real 66 kV cable system of 1740 m was 300 m.



Given the impossibility of performing measurements in a real 66 kV cable section of 1740 m and the lack of availability in the design process of a real RG 174 cable of 300 m, the validation was carried out by modeling both cables with the required lengths using the software PSPICE (version 9.1). Figure 15 shows the layouts of both cables. The values of the distributed cable parameters considered for the models were obtained via the theoretical and practical development presented in Appendix A.



The similarity between the pulse behaviors in both cables was checked by injecting a reference pulse with the ASG at the beginning of the cable and measuring it in the positions shown in Table 3. The measuring point shown in Figure 15 was positioned at the end of the cables. The pulse to be injected was determined by Equations (15) and (16) in Section 2.5.2.



Figure 16 shows the waveform and frequency spectrum of the pulses measured in both installations at the distances indicated in Table 3.



To check the similarity of the pulses measured at the same positions, the following parameters were considered: peak voltage, energy, and frequency limit above which the pulse loses 90% of its energy (see Table 3).



After analyzing the results shown in the third column, as expected, we found that the convergence of the pulses was better when the distance traveled was shorter. In all cases, the convergence was higher than 85%. Therefore, it can be concluded that the cable system designed for the test platform satisfactorily simulates a real cable system of 66 kV.




3.2. Cable–GIS Connection and Earth Connection Validation


For the validation of the cable–GIS connection and earth connection, the similarity between the pulse behaviors in the cable–earth connections of the real 66 kV installation and in the test platform was checked. For the pulse comparison, a laboratory setup consisting of two meters of the 66 kV cable connected to a 66 kV GIS section was used. The reference pulse defined by Equations (15) and (16) was injected at the end of the 66 kV cable and at the end of a one-meter-long RG 174 cable connected to the GIS element of the test platform.



The pulses were measured with HFCT sensors located at the cable–earth connections of both setups. The bandwidth of this sensor ranged from 100 kHz to 80 MHz. The cable length of the earth connection in both installations was 10 m, in accordance with the distances considered in the design process presented in Section 2.5.2.



Figure 17 shows the pulses measured with the HFCT sensors in the two real installations, together with their frequency spectra.



To determine the similarity of the pulses, again, the following parameters were considered: peak voltage, energy, and frequency limit above which the pulse loses 90% of its energy (see Table 4).



When analyzing the results shown in the third column, we found that, in all cases, the convergence was higher than 88%. Therefore, it can be concluded that the cable–GIS connection and earth connection in the test platform satisfactorily simulate the cable–GIS connection and earth connection of a real 66 kV installation.





4. Conclusions


An affordable scale modular test platform that simulates HV installations for the adequate and repetitive or standardized characterization of PD-measuring systems was developed in this study. The availability of this reference test platform provides a solution to the difficulties encountered by technology developers and electrical companies when they characterize PD-measuring systems using complex laboratory setups or real on-site installations. The use of laboratory setups is costly, and real installations are generally not available; furthermore, in both cases, the influences of the noise conditions on the measurements are not controlled. The performance of characterization tests with this test platform in shielded chambers enables the control of noise conditions.



In the design process, the following technical aspects were considered:




	
The signals’ transmission, attenuation, distortion, reflection, and propagation speed;



	
The signals’ behavior in the measuring points;



	
The best way to simulate the insulation defects and the electrical noise conditions;



	
The sensor coupling to reproduce real on-site measuring conditions.








The test platform’s functionality was validated by checking the convergence of the measured signals within it with those of a real HV installation.



With the designed platform, it is possible to perform all kinds of tests for the characterization of the PD-measuring and -monitoring system’s functionalities, such as those related to their capacity to reject noise signals, detect PD with the required sensitivity, detect the phase(s) where an insulation defect is present, discriminate the presence of more than one defect, locate them, identify them, identify the affected element in the installation, and generate an alarm when potentially hazardous defects are identified.



It is important to indicate that due to its modular design, the developed platform can be used for the characterization of PD-measuring systems operating off-line. The modular design also enables the extension of the platform to simulate more complex installations for the characterization of measuring systems operating in other environments and with other sensors in addition to the HFCTs. However, to perform characterizations in these complementary test platforms, further studies must be performed to simulate the same measuring conditions as found in on-site installations. The authors are currently working on new complementary platforms.



The scale modular design ensures the permanent availability and easy portability of this reference test platform such that the characterization of measuring systems can be carried out at anytime and anywhere in the world. This enables the possibility of performing intercomparisons among different technologies.



Furthermore, apart from its use in the research and industrial fields, it can be used in the training of specialist technicians in PD measurements and in training courses for electrical engineers.



An example of the use of this test platform for the characterization of PD-measuring systems will be presented by the authors in a forthcoming publication.




5. Patents


The developments associated with the test platform presented in this research article are protected by patent application no. 202331099 and reference no. P-102092, filed with the Spanish Patent and Trademark Office.
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Appendix A. Determination of the Distributed Parameters of the 66 kV Cable, RG 174 Cable, 66 kV GIS, and Test Platform GIS for Modeling


In the study of transmission lines [35,36], there are different ways to model cables and GIS; for example, by applying the finite difference time domain theory [37] or the distributed parameters theory [38,39]. In this study, to model a cable of 66 kV, the RG 174 cable, a 66 kV GIS, and a test platform GIS, the latter theory was adopted. Following this method, these elements were studied by considering infinitesimal segments (see Figure 8 and Figure 10).



The distributed parameters of these elements can be determined from their physical structure [26,38,40]. Thus, the distributed resistance (Rd), inductance (Ld) and conductance (Gd) can be calculated using Equations (A1) and (A2) [26] and Equation (A3) [38,40], respectively. The distributed capacitance of the 66 kV cable (Cd) is calculated using Equation (A4), with the following capacitances of the cable layers being added from the active to the screen: internal semiconductor layer (A5), insulation (A6) and external semiconductor layer (A7) [26,38,40]. For the RG 174 cable and both GISs, only the insulation capacitance (A6) is considered since in these elements, there are no semiconductor layers. In these equations, the following parameters are taken into account: the vacuum permeability (µ0), the active conductor permeability (µact), its conductivity (σact), its radius (r1), the shield radius (r2), the insulation conductivity (σins), the inner semiconductor layer’s diameter (dsc1), the outer semiconductor layer’s diameter (dsc2), the vacuum dielectric constant (    ε   0    ) and the dielectric constants of the main insulation (    ε   i n s   ( f )  ), the inner semiconductor layer (    ε   s c 1   ( f ) )  , and the outer semiconductor layer (    ε   s c 2   ( f )  , which are frequency-dependent.


    R   d   =    2 ·   π · f ·   μ   0   ·   μ   a c t     2 ·   σ   a c t        ·     1     r   1     +   1     r   2        



(A1)






    L   d   =     μ   0   ·   μ   a c t     2 ·   π     · l n       r   2       r   1        



(A2)






    G   d   =   2 · π ·   σ   i n s     l n       r   1   +   d   s c 1   +     d   i n s   + d   s c 2       r   1          



(A3)






    C   d   =   1     1       C   d     s c 1     +   1       C   d     i n s     +   1       C   d     s c 2        



(A4)






      C   d     s c 1   =   2 · π ·   ε   0   ·   ε   s c 1   ( f )   l n       r   1   +   d   s c 1       r   1          



(A5)






      C   d     i n s   =   2 · π ·   ε   0   ·   ε   i n s   ( f )   l n       r   1   +   d   s c 1   +   d   i n s       r   1   +   d   s c 1          



(A6)






      C   d     s c 2   =   2 · π ·   ε   0   ·   ε   s c 2   ( f )   l n       r   1   +   d   s c 1   +   d   i n s   +   d   s c 2       r   1   +   d   s c 1   +   d   i n s          



(A7)







Table A1 shows the values calculated for the distributed parameters of the four elements.





 





Table A1. Parameters and values calculated with the estimation of the distributed parameters.
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	Rd

(µΩ/m)
	Ld

(µH/m)
	Gd

(pS/m)
	Cd

(pF/m)



	Test platform (Cable RG 174)
	127.82
	0.25
	0.1
	101



	Real installation (Cable 66 kV)
	1.133
	0.16
	2.77
	211



	Tet platform GIS
	-
	0.39
	-
	45



	66 kV GIS
	-
	0.20
	-
	67








Using the values of the distributed parameters calculated for a cable of 66 kV, a section of 10 m was modeled with PSPICE software (version 9.1). To check that the values used in the model were correct, a frequency sweep was performed in the modeled cable and in a real 66 kV cable section of the same length. The results are shown in Figure A1. The convergence obtained indicates that the values calculated for the model are correct.
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Figure A1. Frequency response of the modeled and real 66 kV cable sections. 






Figure A1. Frequency response of the modeled and real 66 kV cable sections.
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Likewise, using the values of the distributed parameters calculated for the RG 174 cable, a cable section of 100 m was modeled with the same software. To verify that the values used in the model were correct, a frequency sweep was performed on the simulated cable and on a real RG 174 cable of the same length. The results are shown in Figure A2. The convergence obtained indicates that the values calculated for the model are correct.
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Figure A2. Frequency response of the modeled and real RG 174 cable section. 






Figure A2. Frequency response of the modeled and real RG 174 cable section.
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In the cases of both GISs, for the simulation carried out in Section 2.5.2, only their characteristic impedances were of interest. These impedances were calculated using Equation (12) for the distributed parameters Ld and Cd shown in Table A1. The resulting characteristic impedance for the 66 kV GIS matched with the value estimated by the GIS manufacturers.
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Figure 1. Layout of the HV distribution line considered for reproduction in the test platform. 
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Figure 2. Layout of the scale modular test platform developed for the characterization of the PD-measuring systems’ functionalities. 
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Figure 3. Signal attenuation in 100 m as a function of frequency for the 66 kV XLPE cable. 
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Figure 4. Detail of the signal attenuation from 100 Hz to 1 MHz for the 66 kV XLPE cable. 
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Figure 5. Signal attenuation at 100 m as a function of frequency for the 66 kV XLPE and RG 174 cables in the range from 100 kHz to 100 MHz. 
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Figure 6. Relationship between the length of both cables in the frequency range from 100 kHz to 100 MHz. 






Figure 6. Relationship between the length of both cables in the frequency range from 100 kHz to 100 MHz.



[image: Sensors 24 01363 g006]







[image: Sensors 24 01363 g007] 





Figure 7. Modeled line with cable sections of length A and the pulses’ traveling paths when a defect is simulated in point 3. 
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Figure 8. Layout of a transmission line composed of infinitesimal parameters. 
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Figure 9. Impedances at the measuring point in the cable–GIS connections. 
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Figure 10. Electrical circuit at the measuring point in the cable–GIS connection. 
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Figure 11. Comparison of a pulse circulating through the cable grounding in the real installation and in the test platform. (a) Waveform of the injected pulse, (b) frequency spectrum of this pulse, (c) waveform of the measured pulses, and (d) frequency spectrum of these pulses. 
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Figure 12. Passive resistance adapter for impedance matching in the GIS injection points. 
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Figure 13. Online noise measurement, signal processing, noise generation, and noise measurement in the test platform. 
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Figure 14. Module designed for the background noise injection. (a) Longitudinal view and (b) transversal view. 
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Figure 15. Layout of the modeled cables. (a) Cable of 66 kV of a real installation and (b) the RG 174 cable of the test platform. 
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Figure 16. Pulse behavior of pulses measured at different positions. (a) Signals in the time domain and (b) signals in the frequency domain. 
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Figure 17. Pulses measured with the HFCT sensors in the 66 kV cable–GIS setup and in the test platform. (a) Signals in the time domain and (b) signals in the frequency domain. 
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Table 1. Assessment of the MIL-C-17 coaxial cables adequate for the scale model.
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Technical Characteristic

	
Cable Type




	
LLF 240

	
RG 58

	
RG 59

	
RG 174




	
Cost

	
Value (p.u.)

	
1

	
0.33

	
0.28

	
0.31




	
Rating

	
[image: Sensors 24 01363 i006]

	
[image: Sensors 24 01363 i007]

	
[image: Sensors 24 01363 i008]

	
[image: Sensors 24 01363 i009]




	
Weight

	
Value (p.u.)

	
0.99

	
0.72

	
1

	
0.21




	
Rating

	
[image: Sensors 24 01363 i010]

	
[image: Sensors 24 01363 i011]

	
[image: Sensors 24 01363 i012]
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Volume

	
Value (p.u.)

	
0.99

	
0.81

	
1

	
0.44




	
Rating

	
[image: Sensors 24 01363 i014]
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Characteristic

impedance

	
Value (Ω)

	
50

	
50

	
75

	
50




	
Rating

	
[image: Sensors 24 01363 i018]
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Attenuation

	
Value (p.u.)

	
0.33

	
0.43

	
0.29

	
1




	
Rating

	
[image: Sensors 24 01363 i022]
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[image: Sensors 24 01363 i024]

	
[image: Sensors 24 01363 i025]




	
Propagation speed

	
Value

	
252

	
198

	
198

	
198




	
Rating

	
[image: Sensors 24 01363 i026]
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Total score (points)

	
9

	
19

	
14

	
23











 





Table 2. Additional distances traveled by the reflected pulses with insulation defects simulated at points 1, 2, 3, and 4 and measured at position 1.
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Defect Location




	
Point 1

(Line Start)

	
Point 2

(Joint 1)

	
Point 3

(Joint 2)

	
Point 4

(Line End)




	
Additional distance traveled by the reflected pulses

	
6A

	
4A

	
2A

	
6A











 





Table 3. Results obtained for the pulses measured in both cable systems.
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Measuring Point

	
Cable Model

	
% Convergence




	
66 kV

	
RG 174




	
Traveled Distance

(m)

	
Vpeak

(mV)

	
Fmax

(MHz)

	
Energy

(v2·Hz)

	
Traveled Distance

(m)

	
Vpeak

(mV)

	
Fmax

(MHz)

	
Energy

(v2·Hz)

	
Vpeak

	
Fmax

	
Energy




	
1

	
0

	
500

	
70.2

	
4.97

	
0

	
500

	
70.2

	
4.97

	
100%

	
100%

	
100%




	
2

	
588

	
145.9

	
23.1

	
1.17

	
100

	
154.8

	
26.8

	
1.19

	
94%

	
86%

	
98%




	
3

	
1.176

	
76.2

	
13.1

	
0.53

	
200

	
70.7

	
15.2

	
0.48

	
93%

	
86%

	
91%




	
4

	
1.764

	
47.1

	
8.1

	
0.32

	
300

	
39.8

	
9.5

	
0.27

	
85%

	
85%

	
85%











 





Table 4. Results obtained for the measured pulses in the 66 kV laboratory setup and in the test platform.
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66 kV Cable–GIS Laboratory Setup

	
Test Platform

	
% Convergence




	
Vpeak

(mV)

	
Fmax

(MHz)

	
Energy

(v2·Hz)

	
Vpeak

(mV)

	
Fmax

(MHz)

	
Energy

(v2·Hz)

	
Vpeak

	
Fmax

	
Energy




	
173.1

	
8.97

	
22.1 × 10−3

	
152.8

	
8.57

	
21.2 × 10−3

	
88%

	
96%

	
96%
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