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Abstract

:

Partial discharge (PD), where high field strengths on power cables cause charge build up and discharge within a dielectric at sites of imperfections or inhomogeneities, can lead to noise issues and potential failure of the dielectric. This paper presents the first stage of a research activity that aims to develop a transmission-line matrix (TLM)-based simulation “workbench” useful to investigate PD events in a transmission line. The proposed approach allows the predicting of the electromagnetic disturbances generated by the PD event, and the analysis of external field coupling, such as from intentional electromagnetic interference or lightning, which can add to the field stresses. The paper is focused on defining the right modeling method to simulate PD phenomena in a transmission line context. The best approach to integrate the PD model with the model of the transmission line, useful to describe the propagation of the conducted and radiated emissions produced by PD, is analyzed. A first workbench is proposed, and the first simulation results are described. The paper concludes with the topics of further research.
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1. Introduction


The nature of partial discharge (PD) is such that should a local field strength in a power cable or switchgear be sufficient to exceed the local dielectric strength, then a localized “spark” will occur. This charge movement within the body of the dielectric may occur in one small region due to the presence of inhomogeneities such as oil or gas bubbles, or localized changes in the structure of the material (perhaps the “clumping” of additives or micro-cracks) causing charge build-up around this imperfection due to electric field effects. If the local field strength exceeds the dielectric strength of the imperfection, then a localized breakdown will occur. Other causes include cavities, electrical trees, and protrusions from semi-conducting layers [1].



The effect of this breakdown can be conducted or radiated electromagnetic noise, which may cause issues with, for example, smart grid timing signals or non-linear loads. The further deterioration of the insulator in the region of that breakdown could lead to further PDs, as well as an increased likelihood of total failure of the dielectric [2], causing the interruption of power supply with a reduction in network reliability [3]. Statistics indicate that more than 85% of equipment failures are related to insulation failure; therefore, managing the insulation of cables or equipment is crucial to avoid unnecessary emergency repairs (and cope with the effects of un-planned down-time). In order to define the insulation condition assessment of power networks, suitable PD measurement techniques have been developed that provide information about the defect types, their quantification, and the risk of failure that they can produce [3,4,5,6]. The use of a PD on-line location method is a desired feature in modern grids’ protection schemes to prevent faults and supply interruption, enhancing the grids resilience [7,8,9,10,11]. Then, from the perspective of the electromagnetic compatibility (EMC) community, monitoring and analyzing PD is of direct relevance and, in particular, the nature of interference signals caused by PD is of interest. Zhang et al. [12,13,14] consider more discharge phenomena from power systems but, importantly, the impact that these can have on “internet of things” (IoT) and “smart grid” (SG) systems. It is likely that the importance of this will only increase with time as the importance of IoT and SG increases. The study of the PD electromagnetic wave emissions is of interest, also because they are used in the most adopted PD location methods, which are reflectometry or traveling wave-based techniques [7,8,9,10,11].



This paper proposes a simulation “workbench”, useful to investigate both the PD site in a power transmission line and the generated electromagnetic emission.



Modeling of PD events is an active research area. PD modeling is, frequently, performed mathematically, and this can be restrictive, not readily accounting for effects due to dispersive behavior of the power cable or multiple PD locations. PD models proposed in the literature can be classified into three main categories [15]: (i) the three-capacitance model [16]; (ii) the analytical based model proposed by Niemeyer [17]; and (iii) the finite element analysis (FEA) [18] model. Each modeling method is characterized by its own strengths and weaknesses [15]. A well accepted model of PD is that the site of the discharge is treated as a capacitor, Cc, with a shorting switch (with further series capacitors, Cb1 and Cb2, representing the unaffected dielectric), as illustrated in Figure 1, where the middle capacitor with the shunt switch models the discharge site in a transmission (Tx in the figure) line.



This is, essentially, a 2D view of the problem space. However, as explained before, there are benefits in considering the transmission line as a whole, because this allows questions to be asked and investigated. Such as: given that the PD will generate high frequency components and those may both radiate and propagate along a potentially frequency-dispersive transmission line, what effects are measurable? If this were to be undertaken analytically, there would be little scope for customization and asking questions, such as: how does the nature of the PD affect the measured effects?; or even: can the final measurements be time-reversed to understand the location and nature of the original problem? In the literature, few works exist that describe PD signal propagation on power networks [19,20,21], but a full model that reproduces both the disturbance source (PD site), and the propagation of the generated disturbance has not been investigated.



Given that the very nature of the problem is vastly multi-scale (with microscopic flaws giving rise to effects measurable meters or kilometers away), a full wave solution is not generally possible. Given also that this is a time domain phenomenon, a time domain simulation method is the most suitable. For the purpose of this study, the transmission-line matrix (TLM) method [22] has been adopted, because it allows both a circuit-based implementation as well as being naturally suited to modeling full transmission lines. This paper first investigates a circuit-based implementation (Figure 1) and explores strengths and weaknesses of that approach before investigating the simulation of a longer line. To this aim, a TLM model of the PD site and of the transmission line was developed and the propagation of the PD pulses was described, and the effects of radiation due to the pulse propagation were explored.



The paper is structured as follows. Section 2 describes the best approach to model PD events in a transmission line context, describing the TLM model of a PD site. Section 3 describes the integration of the TLM PD model with a 1D TLM model of the transmission line showing the effectiveness in reproducing the propagation of PD-generated pulses along the network; Section 4 describes a method to evaluate radiated emission from PD pulses. In Section 5, an illustration of the use of the proposed workbench to describe the conducted and radiated emissions produced by a PD event occurring in a medium voltage transmission line is presented. Finally, Section 6 presents the conclusions, the strengths of the proposed workbench, the necessary steps to improve it to obtain a better representation of the phenomena under study, and the work under development to reach this aim.




2. Transmission Line Matrix Representation of the Partial Discharge Site


A very common representation of partial discharge in a power cable is presented in Figure 1; Figure 2 shows how the three-capacitor ladder can be included in a general Thevenin-based equivalent circuit, suitable for analysis.



Here, a typical RLGC transmission line element is shown, where R and L are the series resistance and inductance of the line and G and C are the shunt conductance and capacitance. The capacitor term is replaced by a capacitance representing the bulk material (Ca) with the capacitance of the partial discharge site, such as a void, represented by a capacitor (Cc) in parallel with a switch. The closing of the switch represents the partial discharge event where the charge stored in the capacitor Cc neutralizes through a localized discharge. The “normal” dielectric, either side of the discharge site, is represented by two capacitors (Cb1 and Cb2). Vs and Rs represent a Thevenin source, and the transmission line is terminated in a load RL. There is a body of work that looks to calculate the value of Cc by analysis or simulation, e.g., [1,17,23].



The PD site can be represented, adopting the simple circuit-based TLM method that uses transmission line equivalent behavior to represent circuital components such as capacitors and inductors. A capacitor is replaced by an open circuit transmission line stub and an inductor by a short circuit transmission line stub. As the simulation progresses, with voltages and currents propagating in small increments of time to simulate any time-domain or transient behavior of the circuit, the capacitive open (or inductive short) circuit reflects voltages on the stub back to the terminals. This is represented by an impedance in series with a voltage source.



Figure 3 gives a generic representation of a component.



For a stub representation of the inductance and capacitance, the value of the impedance terms, ZL and ZC, is given by Equations (1) and (2), respectively, where Δt is the time step duration and C and L are the values of the nodal capacitance and inductance:


ZC = Δt/2C



(1)






ZL = 2L/Δt



(2)







The voltage across the capacitor, Vstub, is given by Equation (3), where I is the current flowing through the stub, and V is the voltage source value (as shown in Figure 2). Assuming that the reflection coefficient, Г, at the end of the stub is +1 (−1 for an inductor), then the value of V for the next iteration is given by Equation (4):


Vstub = I·ZC +2V



(3)






V(next time step) = V + Г·I·ZC



(4)







The new current and new voltages can then be calculated before proceeding to the next iteration. The assembled representation of Figure 2 can be seen in Figure 4.



However, a simple implementation such as this demonstrated instability where a mesh-based analysis led to inconsistencies with Kirchhoff’s laws. This is something that may be resolvable with very small time-steps, as discussed in [24]. Such a restriction would not be practical.



A more stable approach is to treat the three capacitors as a single impedance, Zpd, and voltage source, Vpd. A basic circuit for this is given in Figure 5, where the variable impedance includes the switch function itself.



When implemented with a Δt of the order of one-tenth of a cycle and not many orders of magnitude lower, and a simple decision condition of triggering the event when the electric field across the central “PD” capacitor exceeded a certain level, the current flowing in the circuit can be seen in Figure 6. It is clear that such a circuit can help illustrate the behavior of a partial discharge event (even with such a crude decision strategy as was implemented here).



There is still a need to add flexibility to the approach, and the simple circuit model is not investigated further. A transmission-line matrix representation of the entire transmission line in which the partial discharge occurs is required, where flexibility in the way that the partial discharge is included is available. The model shown above could be one such approach to embedding these phenomena. Equally simple pulse injection, deterministic equations, embedded simulations, or actual measurements in the form of a “look up” table should equally be possible. The next sections look at the development and subsequently the initial results of a 1D TLM representation.




3. 1D Transmission-Line Matrix Representation of a Line with Partial Discharge Site


As previously noted, the 1D TLM method is well suited to modeling transmission lines such as power distribution lines. The relative ease in which distributed sources can be included in the model makes the approach a relatively straightforward choice for problems including coupling from external fields or internal sources.



In 1D TLM, space and time are both discretized, with each segment, or node, representing an electrically (very) small length of the space being modelled. Voltages are received from the left and right connected segments. The Millman’s parallel generator theorem can be used to solve the resulting nodal circuit, evaluating the new voltages at the left and right side of the segment. These “scattered” pulses “connect” to the adjacent segments in the next time step. A complete transmission line can be modelled, where each segment (or node) can be also characterized by properties slightly different from its neighbors, giving rise to lengthwise variations. PD events can be included, in the manners previously described, at any node by adding voltage and/or current sources. The model could include evolution of the partial discharge source over time as a result of effects of the discharge on that site. High frequency signals or signatures can be obtained simply by using the Fourier transform. The frequency dependent behavior can be represented by using, within each of the segments, digital filters or Z-transforms. In this first study, the frequency dependent behavior was not considered.



A starting point for analysis of the system is a basic RLCG equivalent of each segment, as shown in Figure 7.



For the purpose of analysis, each transmission line segment can be thought of as connecting within a node, and it is here that the scatter process takes place. Such a node is shown in Figure 8.



Clearly, signals entering the node from the left side would do so via Z1; they would then interact with G, R, and any impedance difference due to Z2. A similar scatter process would occur for signals coming from the right side. Once the signals have scattered and passed through the node, they will “connect” to the adjacent nodes forming the initial conditions in the next time increment.



It is then possible to solve the circuit of Figure 8 using the Thevenin equivalent circuit of Figure 9. The subscript “i” refers to “incident”, “l” and “r” as second subscripts mean left and right, respectively.



In Figure 9, Vn is the voltage node, VL and VR are the node voltage on the left and on the right of the node, respectively, In is the current at the node, R and G are the resistance and conductance of the node, respectively, Z1 and Z2 are the impedance of the line on the left and on the right of the node, respectively, and V1l and V1r are the voltages of the Thevenin equivalent circuit of the line on the left and on the right of the node, respectively. Applying Millman’s parallel generator theorem to Figure 9 enables the nodal voltage to be obtained from Equation (5); the potential difference on the left side can be obtained from Equation (6) with the right branch circulating current in Equation (7); and the righthand potential difference is given by Equation (8).


   V n  =     2  V  il      Z 1    +   2  V  ir      Z 2  + R      1   Z 1    +  1  R +  Z 2    + G      



(5)






   V L  =  V n     



(6)






   I n  =    V n  − 2  V  ir     R +  Z 2       



(7)






   V R  = 2  V  ir   +  I n   Z 2     



(8)







Source and load nodes would have one branch of the node replaced by an equivalent source or a load. The relevant voltage and current values can be found by using Equations (5)–(7).



Having described the general node, a partial discharge event can be included in the node as an additional source term. A voltage source can be added in series with other sources. A current source, Ipd, can be included as indicated as in Figure 10, with the modified nodal voltage as given in Equation (9).


   V n  =     2  V  il      Z 1    +   2  V  ir      Z 2  + R   +  I  pd      1   Z 1    +  1  R +  Z 2    + G      



(9)







Once the signals have scattered through the node, they connect to the adjacent nodes according to Equations (10) and (11), where the subscript “r” indicates a reflected signal.


   V  rl   =  V L  −  V  il    



(10)






   V  rr   =  V R  −  V  ir    



(11)







This section has described how the nodes can be analyzed and used to simulate transmission lines with included source nodes. The performance can be seen in the following illustrations.



In order to demonstrate the general operation of the method, a pulse has been injected at the near end of a 50,000-node transmission line. The load and the source were not perfectly matched to the line, which allowed reflection. The line was lossy. In order to show the pulse propagation, attenuation and manage the local memory adequately, periodic samples were taken to show the passage of the pulses.



The axis system definition is shown in Figure 11.



Figure 12 shows a simple pulse propagating along the transmission line. The “peakiness” is because of illustration samples being taken periodically. The illustration shows reflection at the load (far) end as well as attenuation as the pulse propagates along the transmission line over time.



Figure 13 shows the key elements in one illustration. It shows a simple current pulse propagating along the transmission line to the point where it has been decided to model the PD and beyond. It shows the partial discharge event being triggered when the field strength exceeds a predetermined level where we wish this to occur; it shows a source-generated sinusoidal signal, representing a power signal (the ripples along the edge near the time axis); and it shows an injected impulse, at the source (left) end.



The vertical scales are for emphasis, rather than for precision of the physics; they demonstrate that the algorithm works, and make the effects clear, whereas a small partial discharge on a medium voltage (MV) sine wave would be difficult to distinguish in a 3D plot.




4. Radiation from Partial Discharge Pulses


Given that the approach appears well behaved for simple propagation studies, a further component to the model is the prediction of radiation. To demonstrate this, a Biot–Savart approach was used, which assumed that the current return is sufficiently remote as to not affect the simulation of emissions.



Figure 14 shows the basic configuration, with the transmission line comprising each individual segment, and the current in the segment contributing a small element of magnetic field strength at the point of measurement P; the overall contribution is obtained by summing the individual components from each segment at each time step. The time domain magnetic field, H, can then be Fourier-transformed to obtain the frequency domain behavior.



The nth segment will carry current In, and if the segment length is δl and it is located at the vector R from the measurement point, the field from each segment can be found from Equation (12) assuming a simple Biot–Savart approach:


  δ   H   n   =      I n     δ    l  n    ×   R   n     4 π  |    R   n     3   |       



(12)




where   δ   H   n     is the magnetic field generated by the current in a segment δl of the line and    δ    l  n    is a vector with a length δl and direction defined by the current. This can be obtained from each node after the scatter phase, and then combined at each time step according to Equation (13), where N is the total number of segments in the transmission line and H is the total magnetic field.


   H  =     ∑    n  = 1   N   δ   H  n   



(13)







While this can be thought of as a simplistic approach, it does provide an introduction to this aspect of the model.




5. Conducted and Radiated Emission from a Partial Discharge in a MV Transmission Line


In this section, an illustration of the use of the proposed workbench is given, considering a PD event occurring in a medium voltage (MV) line and evaluating the propagation of the conducted and radiated emission produced by the PD. When, inside the cable insulator of the line, the field strength exceeds a predetermined level, where we wish PD to occur, high frequency pulses start to propagate along the line towards the cable ends. In the following sections, the propagation along the line of the PD-generated voltage and current pulses are described and the magnetic field generated by the current pulse is evaluated.



5.1. Conducted PD Disturbance Propagation


The 1D TLM model, described in Section 3, is used to describe the PD pulses propagation on a MV power line. A scheme of the system under analysis is shown in Figure 15.



A line length of 100 m has been considered, with the PD source located 40 m from the left end of the cable. The line is formed by a medium voltage coaxial cable with cross-linked polyethylene (XLPE) insulation and a cross-sectional area of 150 mm2. The line is connected, at both ends, to two power transformers, with Z1L and Z2L impedance [12].



PD pulses have high frequency signals with a frequency content up to some GHz; therefore, the TLM model has been developed defining a Δt = 1/fmax = 1·10−10 s to give a maximum frequency of interest, fmax = 10 GHz.



The cable used for the analysis [12] is characterized by the following parameters:


  u =  1    lc     =   1.675 ·   10  8    m / s  



(14)






   Z 0  =    l c      = 15.50   Ω  



(15)






r = 0.206·10−3 Ω/m



(16)






g = 1·10−13 S/m



(17)




where u is the propagation speed, Z0 is the characteristic impedance, and r, l, c, and g are the electrical characteristic of the cables per unit length.



The value of Z1L and Z2L, at the cable ends, is of the order of tens of kΩ, which is the input impedance of power transformers at the high frequency. Therefore, the reflection coefficient of the line given by:


  Γ =    Z L    −  Z 0     Z L    +  Z 0     



(18)







With, ZL, the impedance at the cable end is close to 1, and the PD signals are reflected by the cable end impedances.



Figure 16 shows the PD voltage and current signals at 12 m from the left end of the cable. The figure shows the PD signal and its reflections from the cable ends and the attenuation of the signals due to the lossy line. The distortion effect, caused by the frequency dependence of the cable parameters, does not appear because it has not been reproduced in this first design of the simulation workbench under development.



Figure 17 shows the PD voltage and current signals at 40 m from the left end of the cable, where the PD event occurs. The figure shows the voltage and current signals generated by the PD event and the reflected signals from the right and left end of the cable. At t = 1.2 μs, the reflected current and voltage signals add up in phase.



The measurement of PD signals in multiple observation points of a power network are used in reflectometry or traveling wave-based techniques [13,14] for the on-line location of PD sources, as mentioned in the introduction. The traveling wave-based techniques are based on the principle that PD events produce electromagnetic signals that travel in either direction towards the cable ends, and the measurements of the incident and the reflected signals are used to determine the source location. Then, the proposed TLM workbench, describing both the PD source and the propagation of the generated signals, can be useful to design on-line PD location methods [7].



Finally, Figure 18 shows the Fourier transform of the PD voltage signal at the PD source.



As the figure shows, the highest frequency content is within hundreds of MHz, and contains frequencies also in the ultra-high frequency (UHF) range, 300–3000 MHz. The ultra-wide band PD diagnosis of power cable accessories [11] is based on the measurement of the UHF components of PD signals that have the advantage of a higher signal-to-noise ratio compared to the IEC 60,270 conventional measurement system [11]. The proposed numerical workbench can help also to design the suitable UHF sensors adopted in the UHF PD diagnosis.




5.2. Radiated PD Disturbance Propagation


The H field produced by the high frequency current signal generated by the PD event is evaluated using the Biot–Savart law, as described in Section 4.



In particular, the circular cylindrical coordinate system is considered as shown in Figure 19.



An H-field loop sensor is located in the z–y plane at the point P(ρP, ϕP, zP), then    ϕ P  = π  /2, while the cable is located along the z-axis with the left end of the cable at the origin. Considering the positive version of the current signal from the left end of the cable to the right end of the cable, each δln of the N segments in which the line has been discretized by the TLM method, contributes  δ Hn to the magnetic field, defined by Equation (12) at each time-step k. From Figure 20, considering that:


  δ  l    =    δ l   a      z    



(19)






   R    =    ρ   a      ρ     −  z     a      z    



(20)







Then:


  δ  l    ×    R  =    ρ δ l    a ϕ       



(21)







With:


   |  R  |  =      ρ 2  +  z 2     



(22)






  z = n ·  dl    −  z p   



(23)




where n is the nth segment of the line and a is the unit vector.



Therefore, for each δln segment of the line:


  δ   H   n   =    I n   ( k )     ρ   δ l    4 π    [   ρ 2  +  z 2   ]    3 / 2       a ϕ       



(24)







The value of    δ l    is defined within the discretization procedure of the TLM method and it is given by:


   δ l  =  u δ t   



(25)




where u is the propagation speed of the signal in the cable under study, defined by Equation (14), and    δ t    is the discretization time defined for the TLM (10−10 s in our case). Finally, at each step-time, k, the total magnetic field at the point P is given by Equation (13).



The magnetic field is measured at a point P at a distance zP = 38 from the right end of the cable, close to the PD source located at 40 m, and at a distance from the cable ρP = 0.05 m. The measured magnetic field is shown in Figure 20.



Figure 21 shows the Fourier transformation of the H field that describes its behavior in the frequency domain. As expected, Figure 21 shows that the PD radiated emission covers the UHF range. UHF sensors are, in fact, used to detect PD radiated emissions in substations [6], then the ToA, time of arrival, method is used to locate PD sources.



Finally, Figure 22 shows the magnetic field (H field) in at the point P at a distance zP = 38 m from the left end to the cable, when the distance from the cable, ρP, changes from 0.05 m to 0.5 m.





6. Conclusions and Future Works


The paper presents the first results of the design of a numerical “workbench”, useful to describe partial discharge (PD) events on power networks and to analyze, at the same time, both the conducted and radiated electromagnetic disturbances generated by PDs. An analysis has been developed in order to define the most suitable modeling method to describe PD events in a transmission line context. As a result, the TLM method has been identified as a good and suitable modeling approach to this aim. Hence, a TLM model, describing a PD event in a transmission line context and the propagation of the PD current and voltage signals along the cables, has been developed. The Biot–Savart law is proposed and used to evaluate the magnetic field generated by the high frequency current signals produced by PDs. Finally, an illustration of the use of the proposed workbench to analyze the electromagnetic disturbances generated by a PD event has been given, considering a PD event occurring in a medium voltage (MV) line and evaluating the propagation of the conducted and radiated emission produced by the PD. The numerical workbench can be useful to design methods to locate PD sources on power networks and sensors for the PD detection, key topics to enhance the reliability and resilience of modern power grids. The design is at an early stage and improvements are needed, particularly in modeling the propagation of the high frequency signals generated by the PD source. PD signals are, in fact, subject to distortion due to the skin effect in power cables, and the signal distortion affects the accuracy of PD location methods. An improvement of the model of PD signal propagation on power networks is under development, using the TLM method, to describe both the PD signal distortion and complex power network topologies (inhomogeneous cables [25] and branched lines). The TLM workbench, at the stage presented in this paper, has been already useful in the design of a new PD location method in distribution and transmission networks based on electromagnetic time reversal [7] theory, which is under experimental validation in a real MV network with satisfactory results.
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List of Symbols and Abbreviations




	PD
	partial discharge



	TLM
	transmission-line matrix method



	EMC
	electromagnetic compatibility



	UHF
	ultra-high frequency



	Ca
	bulk material capacitance



	Cc
	capacitance of the partial discharge site



	Cb1, Cb2
	capacitance of the dielectric either side of the discharge site



	Vs, Rs
	source of the transmission line



	RL
	load of the transmission line



	ZL
	impedance of the stub model of an inductor



	ZC
	impedance of the stub model of a capacitor



	Δt
	time step of the TLM model



	Vstub
	voltage across the stub capacitor



	V, I
	voltage source and current in the capacitor stub



	Г
	reflection coefficient



	V(next time step)
	stub capacitor voltage at the next step



	R
	lumped resistance of a node of the line



	L
	lumped inductance of a node of the line



	C
	lumped capacitance of a node of the line



	G
	lumped conductance of a node of the line



	Zpd
	equivalent impedance of a transmission line node with partial discharge event



	Vpd
	equivalent voltage source of a transmission line node with partial discharge event



	Z1, Z2
	impedance of two consecutive transmission line segments



	Vn
	nodal voltage



	VL
	voltage on the left of the node



	VR
	voltage on the right of the node



	In
	nodal current



	V1l
	voltage of the Thevenin equivalent circuit of the line on the left of the node



	V1r
	voltages of the Thevenin equivalent circuit of the line on the right of the node



	Ipd
	current source representing partial discharge event



	δl
	segment of the line



	R
	vector that defines the distance from δl from the measurement point



	H
	magnetic field



	  δ  Hn
	magnetic field generated by the current in a segment δl of the line



	N
	total number of segments in the transmission line



	Z1L, Z2L
	power transformer impedances



	Z0
	characteristic impedance of the line



	ZL
	impedance at the cable end



	u
	propagation speed of the line



	r, l, c, g
	electrical characteristic of the cables per unit length



	fmax
	maximum frequency of interest



	ρP, ϕP, zP
	circular cylindrical coordinates
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Figure 1. Series capacitor model of a partial discharge site, where the switch is closed at the point of discharge. 
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Figure 2. A general representation of a partial discharge site within a transmission line. 
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Figure 3. Generic representation of a circuit element using the transmission-line matrix (TLM). 
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Figure 4. TLM representation of the partial discharge site. 
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Figure 5. Equivalent representation of the lumped series capacitors. 
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Figure 6. Circuit current for an example of the implementation of the simple partial discharge circuit. 
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Figure 7. RLCG equivalent of lumped parameter equivalent circuit. 
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Figure 8. A nodal representation of two connected transmission lines. 
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Figure 9. Thevenin equivalent circuit. 
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Figure 10. Current source added to a nodal equivalent circuit. 
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Figure 11. Axis definition for the following illustrations. 
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Figure 12. Demonstration of simple pulse propagating in both time and distance. 






Figure 12. Demonstration of simple pulse propagating in both time and distance.



[image: Energies 14 00689 g012]







[image: Energies 14 00689 g013 550] 





Figure 13. Combining the key elements: a propagating sine wave, an impulse at the source end, and a partial discharge event being triggered within the transmission line. 
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Figure 14. Element of the conductor showing the basic configuration used for analysis. 
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Figure 15. System under analysis. 
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Figure 16. PD voltage and current signals evaluated at 12 m from the left cable end. 
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Figure 17. PD voltage and current pulses at the PD location, 40 m from the left end of the cable. 
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Figure 18. Fourier transform of the PD voltage signal at the PD source. 






Figure 18. Fourier transform of the PD voltage signal at the PD source.



[image: Energies 14 00689 g018]







[image: Energies 14 00689 g019 550] 





Figure 19. Circular cylindrical coordinate system used in the system under study to evaluate the magnetic field. 
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Figure 20. H field at a distance 0.05 m from the cable at point P with zP = 38 m, close to the PD source. 
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Figure 21. Fourier-transform of the H field at a distance 0.05 m from the cable in a point P with zP = 38 m, close to the PD source. 
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Figure 22. H field in the point P at zP = 38 m, close to the PD source, and at different distance, ρ, from the cable. 
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