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Abstract — A methodology based on spectral analysis for 

localization of multiple partial discharges in dielectric region of 

hydro-generator coils is proposed. This pinpointing of multiple 

discharges aims to provide means for performing diagnosis of 

insulating regions of the coil. A numerical model of the structure 

was developed by using the finite-difference time-domain method 

(FDTD-3D) to solve Maxwell’s equations. Transient voltage 

associated with partial discharges that occurs at different positions 

of the coil is calculated at specific point and its spectrum is used to 

perform the diagnosis. In 90% of simulations, accurate estimates of 

simultaneous discharges location were obtained. Physical 

phenomena allowing the development of the methodology are 

assessed numerically and experimentally. Finally, a localized 

artificial PD injection schema is proposed and used for validating 

our numerical results and physical analysis. 
 

Index Terms — Hydro-generator coils, method of diagnosis, partial discharges, 

spectral analysis. 

I. INTRODUCTION 

 
The quality of the insulation in high voltage equipment is a key issue to keep them functioning [1-

12]. Electric field of high levels in this equipment produces degradation of insulating parts of the 

apparatus. This degradation involves the formation of heterogeneities in the insulating material so that 

high amplitude electric field inside these localized heterogeneities gives rise to the partial discharges 

(PDs). Many discharges can occur in a single working cycle of the generator and the dielectric 

insulation may be compromised. Such discharges have been studied [3-5] and it was verified that the 

transient fields produced by them may be used to diagnose the state of isolation. 

During the last 10-15 years, different mathematical methods have been proposed to localize 

discharges in high voltage equipment [3-7]. Neural networks techniques were used in [3] to identify 
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patterns relative to PDs.  In that work, experiments were performed by using especially constructed 

bars to characterize situations where different types of discharges (lamination, winding and slotting) 

are produced.  In [4], fuzzy logic was applied to perform PD transient pattern analysis in transformers. 

In [5], the authors used wavelet transforms to accomplish discharge pinpointing. In [6], a technique 

called Intech was presented which allows one to identify more precisely the region of the generator 

producing the discharges. In [8], the particle swarm optimization (PSO) method was applied for 

diagnosis of power transformers. Several measurement techniques have also been presented. In [9], 

optical sensors were used to perform the localization of single and multiple discharges in high voltage 

equipment. In [7] and [10], acoustic measurements combined with different electrical methods were 

used to localize discharges in transformers. 

In this paper we present a new technique for localization of multiple PDs by using spectra of 

transient voltages registered at a single point of a hydro-generator coil. The fields producing the 

voltages originate at the PDs occurrence loci. In short, the technique consists of mapping frequencies 

associated with maxima and minima of the signals’ spectrum received by a sensor and to relate them 

to discharges occurrence positions. This approach is justified by the natural resonances [13,14] 

produced by the investigated structure [15], which are also functions of the positions of the 

electromagnetic excitations. The resonances are investigated both numerically and experimentally. 

The main advantage of this methodology is a possibility to identify multiple simultaneous 

discharges by using the superposition principle, including those occurring in distinct coils. The 

effectiveness of the proposed method is confirmed by numerical analysis. The developed finite-

difference time-domain (FDTD-3D) simulator [16] is validated for this problem by reproducing 

numerically experimental setups available in literature. Experimental investigation is also conducted 

in this paper. A controlled local PD injection schema is proposed and validated by comparing 

experimental and numerical results. 

II. PROBLEM DEFINITION AND PROPOSED TECHNIQUE 

A. Partial Discharges 

Partial discharges are electrical micro-discharges which occur within an insulating structure when it 

is subjected to high intensity electric fields. These fields break the dielectric strength at specific 

regions. Thus, PDs can only partially break down the insulation between conductors [11]. 

Physically, the partial discharges are characterized by an ionization process in a gaseous medium 

within the dielectric material caused by the aforementioned intense and localized electric field. This 

process produces specific physical phenomena, such as light flashes, acoustic noise, temperature 

gradients, chemical reactions and conducted and radiated electromagnetic pulses [3-11]. 

B. Physics of the Problem: Resonance Analysis 

In order to verify basic physical aspects of the problem, a rectangular bar was modeled (Fig. 1) with 

the purpose to study influence of bar parameters on propagation of electromagnetic signals produced 
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by partial discharges taking place at different points in the insulation layer. The modeled bar is 3 m 

long (Fig. 1a) and it is formed by three layers: inner metal bar (copper), which is surrounded by a 

dielectric layer (mica), that in turn is coated with a semi-conductive outer layer (Fig. 1b). 

 
 

(a)                                 (b) 

Fig. 1. Sections of the rectangular bar: (a) longitudinal and (b) transversal.  

Separate occurrences of z-polarized partial discharges were simulated at three points (P1, P2 and 

P3) of the FDTD-3D model of the bar (Fig. 1) by excitation of Ez component and the induced 

transient voltage is registered by a sensor at the point indicated in Fig. 1a. Several simulations were 

performed by changing the following parameters: electrical permittivity and conductivity of mica and 

rise time of the excitation signal. 

For the best field visualization, Fig. 2 shows the magnetic field (instead of electric field) 

propagation produced by partial discharges simulated at P1, P2 and P3 for three different instants. The 

dielectric parameters are 𝜀𝑟 = 5.4, σ = 0.10394 mS/m and 𝜇𝑟 = 1 [13,17]. It is possible to observe 

clearly in Fig. 2 that particular wavelengths are produced as function of PD position, such as λ1 and 

λ2, which are indicated in Figs 2c and 2f for t = 0.0228 µs for better illustration of this effect. This 

takes place due to field reflections at the bar’s extremities and to the distances involved in this 

electrodynamic process (from PD position to bar ends) producing natural electromagnetic resonances. 

Additional resonances emerge due to field reflections at the metallic parts of the bar. 

The first parameter studied is the rise time 𝜏 of the discharge pulse. Pulses with rise time of 0.5 ns, 

1 ns, 3 ns and 5 ns [12] were simulated. For this analysis, mica insulator was modeled by using the 

parameters 𝜀𝑟 = 5.4, σ = 0.10394 mS/m and 𝜇𝑟 = 1 [13,17].  It was found out that maxima and minima 

spectral loci, in essence, depend on the structure itself and, of course, on the PD’s position, since they 

remain unchanged when 𝜏 is modified (Figs. 3(a1), 3(b1) and 3(c1)). This is associated with the field 

reflections at the bar ends as discussed above.  Different wavelengths for this case are observable in 

the field distributions of Figs.3(a2)-(a5), Figs.3(b2)-(b5) and Figs.3(c2)-(c5). It should be noted that for 

rise times of 0.5 ns and 1.0 ns, the signal strength received by the sensor carries energy in the high 

frequency range of the analyzed spectrum. For this reason, the signal amplitudes are higher for 

frequencies from approximately 600 MHz. Notice that the frequencies points at which the maxima 

and minima occur in the spectrum are preserved as long as the PD pulse contains energy in the 

analyzed spectral range. 
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(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

 

Fig. 2. Visualization of magnetic field propagation for PD taking place at (a) P1 for t = 0.0076 𝜇s, (b) P1 for t = 0.0152 𝜇s, 

(c) P1 for t = 0.0228 𝜇s, (d) P2 for t = 0.0076 𝜇s, (e) P2 for t = 0.0152 𝜇s, (f) P2 for t = 0.0228 𝜇s, (g) P3 for  t = 0.0076 𝜇s, 

(h) P3 for t = 0.0152 𝜇s and (i) P3 for t = 0.0228 𝜇s. The dielectric parameters are  𝜀𝑟 = 5.4, σ = 1.0394 ×10−4 S/m and 𝜇𝑟 =1.  

 
The effect of the electrical conductivity 𝜎 of the dielectric was also numerically investigated. For 

each excitation point (P1, P2 and P3), three simulations were performed with different values of 𝜎 

(~5.2×10
−5

, 1.04×10
−4

 and 2.07×10
−4

 S/m) [17]. The parameters 𝜀𝑟 and 𝜇𝑟 were fixed to 5.4 and 1, 

respectively. 

It has been observed, as expected, that frequencies where maxima and minima occur in the 

spectrum do not change when 𝜎 is altered. The modifications observed in spectra (Fig. 4) as function 

of 𝜎 are associated to spectral amplitudes only, i.e. with increasing 𝜎, currents tend to be superficial 

and internal electric field is reduced according to the well-known skin effect [14]. Fig. 4 shows the 

comparison among the spectra of the received signal for excitation at P2, illustrating the 

aforementioned effect. Excitation at P1, P3 or at any other point presents the same physical behavior. 

 

 

 λ1 

 λ2 
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(c) 

 

Fig. 3. Comparison of the spectra of the received signals with for different rise times: (a) for partial discharge placed at P1, 

(b) at P2 and (c) at P3.  

 

 

   
          

       Fig. 4. Comparison of  spectra of  received signals for different values of  𝜎  for PD excitation at P2. 
 

Finally, the spectral effects of relative electrical permittivity of mica were evaluated. The 

simulation of the partial discharge occurring at P1 (Fig. 1a) was repeated. However, 𝜀𝑟 of dielectric 

was set to various values between 5.4 and 8.0 (as it is specified for mica in [13]). 

Considering the bar of Fig. 1 as a waveguide, it was verified analytically the occurrence of 

resonance frequencies 𝑓𝑟  in the spectral range from 80 to 400 MHz. For purposes of validation of 

V
o

lt
a
g

e
 (

V
)

http://dx.doi.org/10.1590/2179-10742016v15i3592


Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 15, No.3, September, 2016 
http://dx.doi.org/10.1590/2179-10742016v15i3592 

Brazilian Microwave and Optoelectronics Society-SBMO received 25 Jan 2015; for review 11 Feb 2016; accepted 9 Jun 2016 

Brazilian Society of Electromagnetism-SBMag © 2016 SBMO/SBMag ISSN 2179-1074 

 

176 

numerical solutions, the resonance frequencies of the bar were calculated analytically using equation 

(1) [14]. The comparison of frequencies calculated by (1) and by FDTD simulation is shown in Fig. 5.  

According to [14], resonance frequencies can be obtained by the expression 

𝑓𝑟 =
𝑢′

2
 √[

𝑚

𝑎
]

2
+ [

𝑛

𝑏
]

2
+ [

𝑝

𝑐
]

2
, (1) 

 

where 𝑢′ is the propagation speed of signal in mica, which is a function of 𝜀𝑟. The dimensions of 

waveguide are expressed by a, b and c (Fig. 1) and m, n and p are integers. It is observed in Fig. 5 that 

the numerical and analytical results are in a good agreement. Notice that because the goal is to locate 

the PD along x (Fig. 1a), longitudinal resonances are of greater interest. Thus, n and p are set to zero. 

 

 
Fig. 5. Comparison of resonant frequencies calculated using (1) and frequencies obtained via FDTD simulation. 

 

C. Problem Description and Numerical Modeling 

The design schematics of a synchronous generator winding of 48 salient poles were provided by 

Eletronorte. The machine has the following nominal specifications: power of 30.4 MW, voltage of 

13200 V, operating range of ± 5%, current of 1330A oscillating at 60 Hz, and power factor of 0.95. 

By using the equipment’s project files [15] (Fig. 6a), it was possible to obtain a detailed FDTD model 

of a stator coil, which is represented by Fig. 6b. A specific computational routine was developed to 

export these geometric data to the FDTD simulator developed in [16], called SAGS, which has been 

adapted for simulating PDs. Numerical validation of this software for the present problem, which was 

performed by comparing results with literature data, is given in Appendix (Sections A and B). 

The FDTD numerical model of the bar is formed by three layers: inner metal structure, which is 

surrounded by a dielectric layer, which in turn is coated with a metallic layer (outer), as illustrated by 

Fig. 6b. The dielectric layer (mica) is characterized by (average) parameters 𝜀𝑟 = 7, σ = 0.10394 

mS/m and 𝜇𝑟 = 1 [14]. Metallic parts are considered to be copper (𝜀𝑟 = 1, 𝜎 = 5.8 × 107 S/m and 

𝜇𝑟 = 1) [13]. The mathematical representation of the discharge pulse follows [18]. Fig. 7a illustrates 
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the waveform of the voltage source used to model the discharges as a function of time and Fig. 7b 

illustrates its spectrum. As far as the maximum significant frequency of the pulse is approximately 1 

GHz (Fig. 7b), the maximum edge allowed for Yee’s cell (the FDTD spatial discretization element) 

for reducing numerical dispersion to acceptable levels [19] is Δmax = 30 mm. Thus, the edges of every 

Yee cell in the grid measures Δx = Δy = Δz = Δ = 2 mm, ensuring uniform spatial wave sampling for 

directions x, y and z. The rectangular FDTD grid, created to represent space and the analyzed 

structures, contains 848 × 254 × 165 identical cells [19].  

 

 
                                                                            (a)                                                           (b) 

Fig. 6. (a) 3D view of the  hydro-generator coil in SolidWorks®; (b) inner structure of the model represented by the SAGS 

[16] FDTD simulator.  

D. Spectral Technique for Diagnosing the Coils 

As described previously, several partial discharges at different locations may occur concurrently in 

a given coil. Thus, pairs of simultaneous discharges were simulated, occurring in the quadrants shown 

in Fig. 8. Discharges produced in a single quadrant were also considered. The signals from partial 

discharges propagate through the structure and suffer multiple reflections. The signals have their 

propagation velocities reduced when compared to the speed of light in vacuum due to the relative 

permittivity of the insulation. Furthermore, signals are attenuated due to the low electrical 

conductivity of mica and due to natural expansion of wave. For this reason, transient signals received 

by the sensors (Fig. 8) are strongly dependent on the discharge(s) position. 

Considering that each pair of transmitter (PD) and receiver (sensor S) represents a unique 

propagation channel, it is verified that every part of the coil produces a unique spectral pattern in 

which local maxima and minima characterize a given spatial region due to produced specific 

resonances (this physical aspect is verified experimentally in Appendix, Section C). With this 

information in mind, a computer algorithm (Fig. 9) was developed and implemented for identifying 

the frequencies at which local maxima and minima occur in the spectral functions. A database was 

elaborated, containing such resonance frequencies and the coordinates L of the coil associated with 

transmission points and with a specific receiver. The database is used to estimate the region(s) where 

discharges arise (Fig. 5). 

Once the database was available, two simultaneous discharges, placed at different positions, were 

simulated and the Fourier transforms of the signals captured by the sensor were calculated (Fig. 9). 

Searches in the data base were performed for the resonance frequencies of the received transients.  
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Due to the superposition principle for Maxwell’s equations and for the Fourier transform, when 

multiple discharges at different points occur simultaneously, their individual spectra are naturally 

added up (see Fig.11). This observation allows one to search for groups of resonances, in the spectrum 

concerning simultaneous PDs, which characterize the individual contribution of a specific PD 

occurring at a definite position. 

 

                                                         (a)                                                                                    (b) 

Fig. 7. (a) Normalized waveform of excitation source used for model partial discharges, (b) excitation source spectrum. 

 

 

(a) 

 

(b)  

Figure 8. (a) Cross section of  bar and relation of L with positions in  structure regions; (b) L variable in a one-dimensional 

coordinates system.  
 

 

Of course, specific resonance information can be modified (or even canceled) by the composition of 

the multiple discharge spectra. However, this can be treated by defining a probability of occurrence of 

a PD in a specific position of the structure. This probability p[L] can be calculated by counting the 

total number of resonances C[L] stored in database for a PD flashing at position L which are also 

present in the measured spectrum (result of an arbitrary quantity of occurring PDs). Mathematically, 

we have the expression 

%,100
][

][
][ 

Ln

LC
Lp  (2) 

where n [L] is the total number of resonances present in the database for a discharge occurring at L. 

This idea is algorithmically detailed by the flowchart in Fig. 9. The algorithm is then repeated for 
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other values of L and a map of statistical chances for discharge localization is created. 

Each modeled pair of partial discharge was indexed by an integer number. For purposes of 

illustration, Fig. 10b shows the points excited by partial discharges for simulations with indices 5 and 

161. 

 
Fig. 9. Algorithm for proposed technique for a fixed value of L. 

 

 

(a) 

 

(b) 

Fig. 10. (a) Visualization of electric field propagation at t = 0.191 µs (xy-plane that intersects the bar’s centroid); (b) sensor 

location and simultaneous discharges locations of simulations 5 and 161. 
 

 

The transient signals recorded by the S sensor for discharges 1 and 2 of simulation 161 (see Fig. 

10b), occurring in dielectric region, are illustrated in Figs. 11a and 11c. Their spectra are shown 

respectively by Fig. 11b and 11d. As established by the superposition principle, the simultaneous 

occurrence of two pulses generates linear combination of the two temporal signals and of their spectra 

(Fig. 11e). It is noted, by comparing Figs. 11b, 11d and 11e, that most local minimum and maxima 
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seen in Figs. 11b and 11d are preserved in the graph of Fig. 11e, enabling the identification of the 

several discharges. Additionally, it is noteworthy that this is true even when the discharges do not 

initiate exactly at the same moment, because the magnitude of the Fourier transform is being 

considered and its phase is neglected. 

 

 

 
                                                            (a)                                                                                     (b) 

 
 

           

  

                                                         (c)                                                                                          (d) 

 

      (e) 

Fig. 11. Voltage signals of simulation 161 registered by the sensor S. For discharge 1, we have: (a) the registered transient 

signal and (b) its frequency spectrum. For discharge 2, we have: (c) the registered transient signal and (d) its frequency 

spectrum. The simultaneous occurrence of discharges 1 and 2 produces the spectrum given in (e). 

 

III. RESULTS 

A. Localization of Multiples Discharges in a Single Coil 

Several simulations of concurrent partial discharges were performed initially for a single hydro-

generator stator coil. For illustrative purposes, the electric field distribution on a horizontal plane 
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(parallel to x-y plane) crossing the center of coil it is shown in Fig. 10a. Reddish colors mean higher 

field stress (intensity) and colors close to blue identify smaller magnitudes. 

   Fig. 12 shows the results obtained by using the diagnostic method (see Fig. 9) proposed in this 

work. The horizontal axis in Fig. 12 represents L (m), which is defined in Fig. 8, and the vertical axis 

shows the index of simulations. Thus, statistical results for a given numerical experiment are 

presented in the corresponding line of the maps in Fig. 12. The definition of L is given in Fig. 8. 

 
(a) 

 

 
(b) 

Fig. 12. Statistics of discharge localization for a single coil for several simulation indices: (a) 0 t o23 and (b) 139 to 162. 
 

It was performed a total of 231 numerical experiments distinguished by different positions of partial 

discharges excited along L (from zero to 3.87 m). Gray rectangles indicate the exact (known) 

locations of partial discharges excited in each simulation. Noticeably, during laboratorial experiments 

these exact locations are unknown and can be estimated by the proposed methodology. Aiming the 

statistical PD pinpointing, the color bar in Fig. 12 maps values of p[L]. As discussed previously, p[L] 

is proportional to the probability of PD occurrence at a specific point in the bar specified by L (Fig. 8). 

Consequently, for a given simulation, the statistical assessment is performed by calculating p for 

every considered value of L, obtaining the changes of finding a PD source throughout the coil. This 

procedure is repeated for each simulation, producing line-by-line the statistical maps in Fig. 12. The 
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positions on the bar are marked with a sequence of colored crosses in each line of Figs. 12a and 12b 

and the color of a given cross indicates the possibility of finding a PD for each considered value of L. 

Shades of blue or green indicates lower chances of finding a PD source. Shades of yellow and red 

suggest higher possibilities of correct PD pinpointing.  

For exemplifying, consider results of simulation 10, in Fig. 12a. We see that there is a coincidence 

of positions among gray rectangles and red crosses. In this case, both PD sources simulated were 

accurately localized at L = 0.25 m and L = 1.0 m. This accuracy is seen for most of the tested cases. 

This is not the case for simulation 21, in which PDs were excited at L = 0.25 m and L = 0.5 m and, 

according to our statistical method, the most probable positions for finding the PD sources are at L = 

0.25 m and L = 3.87 m. 

In about 90% of the simulations, the algorithm proposed here generated statistical information 

capable of providing accurate estimates on the position of the simulated concurrent discharges. In the 

remaining cases, the method correctly localized the first discharge and indicated places near the real 

position of the second one. In 60% of cases, maximum deviations of 0.5 m from the real position of 

the second discharge were observed. In just 7% of the tests, deviations between 0.5 m and 1 m were 

observed. In 30% of simulations, it was noted deviations from 1 m to 1.5 m. Finally, in only 3.3% of 

the cases, the position could be estimated with deviations greater than 1.5 m. 

B. Diagnosing of Multiple Discharges in Two Adjacent and Connected Hydro-generator’s Coils 

Two identical coils discussed in the previous case were electrically interconnected, as illustrated in 

Fig. 13. For this case, it was used a computational grid of 864 × 254 × 210 cubic Yee cells with edge 

Δ = 2 mm. The sensor location and others characteristics of the simulations are identical to the case 

for a single coil. It is noteworthy that, as in the real machine, the inner copper parts of the two coils 

were placed in short circuit. Additionally, dielectric layers of both structures were joint, as well as the 

outer layers of metal, creating a single structure. 

 

 
Fig. 13.  Two adjacent connected coils. 

 

 

Fig. 14 shows the obtained results.  For this case of two adjacent coils, in about 81% of the 

simulations, the results (Fig. 14) enable accurately estimate the positions of the two simultaneous 

discharges, even if they occur at different coils. In the remaining cases, the location of the first 

discharge was predicted correctly and places near the actual position of the second discharge were 

estimated as follows: in 47.4% of cases, it was obtained deviation smaller than or equal to 0.5 m from 

Conexão entre bobinasConnection of coils
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the actual position of the second discharge; in 39.7% of the tests, deviations between 0.5 m and 1 m 

were observed; in 11.5% of cases, there are deviations between 1 m and 1.5 m and, in no more than 

1.4% of cases the position was estimated with uncertainty of 1.5m to 2m. 

 
 

 
(a) 

 
(b) 

Fig. 14. Statistical diagnosis for two adjacent coils for several simulation indices: (a) 0 to 20 and (b) 21 to 41. 

 

 

IV. FINAL REMARKS 

A new methodology for localization of partial discharges, based on spectral analysis, was 

developed. The FDTD method was used to simulate the electromagnetic process of the problem. We 

succeeded to localize multiple partial discharges occurring in a single hydro-generator coil and in two 

adjacent interconnected coils. In summary, the technique is based on the determination of frequencies 

of resonance of the propagation channels between the position of the transmitter (PD source) and of a 

receiver (voltage sensor) inside the hydro-generator’s coil. With this information and by taking into 

account the linearity of Maxwell’s equations and of Fourier transform, a probability map of 

discharges occurrence as a function of coordinates is obtained. This allows one to define regions 

where problems with isolation can exist. 

For the case of a single coil, in approximately 90% of the simulations estimates with maximum 

deviation of 0.5m of the location of one of discharges were obtained and 60% of the second 
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discharges positions were predicted with 0.5 m deviation. In the remaining 10% of the simulations, 

the position of the first discharge was properly estimated with a few centimeters of deviation from its 

exact position and the second discharge was pinpointed within 1.5 m of uncertainty.  

Similarly, for two adjacent coils, in about 81% of the simulations it was possible to estimate the 

exact location of one of the partial discharges and in 47% of the numerical experiments, the second 

discharge position estimation presented 0.5 m or less of deviation. 

The obtained simulation results confirm the effectiveness of the localization method proposed in 

this paper. Two comments on a practical realization of the method are as follows. Firstly, when there 

are many PDs in the investigated system, only the most dangerous PDs with high level of amplitudes 

can be tracked and localized.  Secondly, in our work, we supposed that the sensors are ideal and do 

not introduce any distortion in the PD signals. In the analysis of the obtained real signals, the spectral 

characteristics of the used sensors and the electronic processing devices should be taken into account.  

Our method, as presented in this paper, is intended to be used for coils extracted from the generator. 

The proposed method can be useful for accelerating maintenance (repairing) procedures as long as the 

coil is subjected to a laboratory generated 60 Hz signal with sufficient amplitude to produce PDs at 

the insulation discontinuity spots. 

In a future work, we plan also to investigate the influence of existing noise in real devices on the 

proposed methodology and verify the developed method experimentally. It is also planned to employ 

(and possibly to adapt) the proposed method to perform localization of other type of discharges, such 

as those related to lamination, winding and slotting. It is also intended to develop methodologies for 

pinpointing PDs inside the generator during its operation state. 

APPENDIX – LABORATORIAL VERIFICATION OF SPECTRAL SIGNATURES IN REAL ROEBEL BAR WITH 

INJECTION OF ARTIFICIAL PD SIGNALS 

In order to validate our numerical simulator and verify the physical behavior producing the unique 

spectral signatures for different propagation channels between each PD occurrence point and each 

sensor position, as described in Sections II.B-II.D, laboratorial experiments have been conducted in 

this work. We have used a hydro-generator bar extracted from Tucuruí hydroelectric power plant. The 

bar used is formed by three layers (inner cooper conductor, the mica insulator and a semiconducting 

coating) and has the following dimensions: 2.92 m × 18 mm × 64.3 mm. The measurement setup is 

illustrated by Fig. 15. 
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Fig. 15. Setup conceived for obtaining artificial PD spectral signatures. 

 
 

In order to guarantee full control of excitation positions and waveform of partial discharges at the 

points P1 to P6 indicated in Fig.15, a new excitation schema shown by Fig.16 was developed in this 

work. Artificial PD signals produced by means of an arbitrary wavefunction generator were injected 

into specific points of the Roebel bar. Differently from experiment described in Fig.17 [17], in this 

experiment the center conductor of coaxial cable penetrates the insulation, reaching the Roebel bar 

inner cooper core, and the cable’s shielding conductor pervades the mica insulation in such way its 

lower end is separated from Roebel metallic core by 2 mm. The intention is to experimentally model 

localized PDs. Fig. 17 shows the signal injected during experiments (in time and frequency domains). 

As illustrated in Fig. 17b, signal energy is distributed in the frequency range from a few Hertz to 

approximately 200 MHz. 

Two directional couplers [20]-[22] have been manufactured and used as ultrawideband field sensors 

[21] (Fig.18). The couplers have been placed in winding slot of the structure, as shown in Fig.15, for 

obtaining proper sensing levels. The coupler return loss S11 was measured experimentally and 

calculated via FDTD simulation. Observe that S11 is smaller than -15 dB from ~100 Hz to 1.80 GHz 

(Fig.19). A good agreement between the measured and simulated return loss is observed.  

Mathematically, the return loss is given by 

 

    ,log20 1011 ffS   (3) 

in which  

  .
0

0

zZ

zZ
f




  (4) 

In (3) and (4),  f  is the reflection coefficient obtained at the SMA connector port, which can be 

seen in Fig. 18(b), Z is the impedance of the coupler and z0 = 50 Ω is the impedance of the instrument 

(oscilloscope or spectrum analyzer) connected to the coupler. Thus, S11 is a measure of impedance 

matching between the coupler and the measuring instrumentation as a function of the frequency f. 
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Fig. 16. The injection of artificial PD signal schema (illustrated at P1). 

 

 
Fig. 17.  Signal injected during experiments: (a) time domain waveform and (b) frequency domain spectrum. 

 
 

 
Figure 18. Directional coupler: a) bottom view, b) top view. 
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Fig. 19. Simulated (FDTD) and measured return loss of microstrip directional coupler. 

 
 

Fig. 20 shows voltage spectral responses obtained by both couplers in Fig.15 for pulse injection 

points P1, P3 and P5. It is of fundamental importance to observe that as the injection point is changed, 

resonance frequencies are gradually shifted. As long as the bar in Fig.15 is not prismatic or 

symmetrical (it is formed by several quasi-prismatic pieces), certain frequencies of maxima and 

minima emerge due to the proximity (or distance) of the source to specific curves of the structure. 

Notice that a quasi-prismatic piece of the bar (ℓ1- ℓ5 in Fig.15) produce specific resonances due to its 

particular dimensions. 

In order to validate the local PD excitation schema developed in this work, we numerically 

reproduce the experiment depicted by Fig. 21. The bar of Fig. 15 was excited at point P2 and a 

directional coupler was placed 30 cm from the excitation location. The developed numerical model is 

shown by Fig. 22. Comparison of numerical and experimental voltage waveforms is shown by Fig.23, 

in which it is seen very good agreement between numerical and experimental voltage spectra. Small 

difference between numerical and experimental results is attributed to staircase effect in FDTD grid in 

curved parts of the structure. Thus, all experimental results are in agreement with theoretical and 

numerical investigations in this work. Measurements show that resonances are strongly dependent on 

geometric parameters of the bar and on discharge and sensor positions, producing predictable spectral 

patterns. This confirmation validates the methodology proposed in this work. 
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(a) 

 

 
(b) 

 

Fig. 20.  Spectra of experimental voltage signals received by directional couplers for artificial PD injection at points P1, P3, 

and P5: (a) signals registered using coupler 1 and (b) signals recorded employing coupler 2. 

 
 

 
Fig. 21. Injection point P2 and directional coupler over the bar in experimental setup. 

 

 
Fig. 22.  FDTD model of the hydro-generator bar and directional coupler: numerical representation of experimental setup. 
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Fig. 23.  Comparison of numerical and experimental voltage waveforms obtained with the directional coupler placed over 

the hydro-generator bar.  
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