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Abstract — In order to measure electrical signals produced by partial discharges in 

hydrogenerators stator windings, capacitive couplers are regularly used. They are electrically 

connected to the windings and therefore, require undesired insulation intrusion. For avoiding 

such an intrusion, a microstrip directional coupler is used, which is experimentally and 

numerically investigated in this work. This electromagnetic field sensor is analyzed initially via 

computer simulation using the finite-difference time-domain method. This numerical analysis is 

fulfilled considering the coupler placed over a stator bar. Experimental high-voltage tests with 

generator windings were also performed. We compare the results of the measurements obtained 

by using various sensors and show that the microstrip directional coupler has some important 

advantages over traditional capacitive sensors such as complete conductive insulation from the 

windings and the capacity of detecting shorter PD pulses due to their wider bandwidth. 

 

Index Terms — Partial discharges, hydrogenerator stator windings, microstrip 

directional coupler, high-voltage experiments, FDTD simulations. 

 

I. INTRODUCTION 

 

The present-day scenario of the power industry has the predictive maintenance as an indispensable 

instrument for keeping electricity systems running. This is because the electricity sector is of 

fundamental importance for today’s society. Thus, the power generation equipment must be kept in 

operation even during maintenance shifts. Partial shut downs should be performed on a scheduled 

basis, in order to minimize financial losses. The implementation of predictive maintenance aims to 

migrate from the time-based maintenance to the condition-based maintenance of equipment [1]. 

Preventive practices are because specific characteristics of fields produced by PD currents can be used 

to evaluate insulation conditions.  

Partial discharges (PDs) are small-localized electric sparks in gases contained in cavities of 
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electrical insulators. They are produced by high electric field gradients [2]-[5] across the cavities in 

insulating material due to regular machine operation voltages. Discharges may or may not occur 

adjacently to one of the electrodes [5]. The PD pulses contain high-frequency components and they 

occur in a repetitive manner within the insulation system of high-voltage equipment in operation. In 

stators of electrical machines, increased PD level or counting can indicate deterioration of winding 

insulation. PDs can eventually cause the failure of electrical insulation [6]. 

In [7], approximately 56% of 69 incidents of fault causes in hydrogenerators were identified to be 

related to imperfections of insulation sections. In general, constitutive faults (related to design, 

assembly processes or operational stresses of electrical devices) can be detected and localized by 

measurement of transient signals originated at PD spots. Thus, PD monitoring procedures have 

become the most used instrument for determining the condition of stator windings insulation [6]. 

Capacitive couplers have been used since the 1950s’ [5],[8] for measuring signals originating at PD 

locations [5] because they naturally filter the 50-60 Hz high-voltage signals of regular machine 

operation. However, this measuring method compels one to connect electrically the measuring system 

to stator windings and requires insulation intrusion. This increases chances of machine failures [9]. 

Along with electrical pulse sensing methods, other approaches have been used, including radio-

frequency (RF) radiation sensing, power-factor tip-up and energy/integrated charge transfer [10]. 

In this context, we design, build and test in this work a microstrip directional coupler used as a non-

intrusive PD sensor [11]. This sensor was originally proposed in [12]. We show that the sensor is 

adequate to experimentally acquire transient signals produced by PDs owing to its wide operating 

band (~100 Hz - 2 GHz) and proximity operation features [13] which minimize external interfering 

signals, as it would happen if antennas were used. The sensor is investigated numerically by Finite-

Difference Time-Domain (FDTD) method [14],[15] truncated by using the Convolutional Perfect 

Matched Layer (CPML) formulation [16], and experimentally by means of a high-voltage equipment 

with a real hydrogenerator winding bar. We compare several types of sensors used for PD 

measurements and show that the microstrip directional coupler has important advantages over the 

traditional capacitive couplers. 

 

II. PARTIAL DISCHARGES MEASURING TECHNIQUES AND INSTRUMENTS 

 

Although partial discharges are associated with several physical manifestations, including electrical 

pulses and the resulting radio-frequency signals, acoustic pulses, light, as well as chemical reactions 

involving gases, information provided by electromagnetic fields can be used for assessing the 
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condition of insulation of rotating machinery. Classical electrical pulse sensing of PDs consists in 

measuring small voltage pulses caused by the propagating electromagnetic field or in assessing 

transient current pulses [2]. Because capacitors present high impedance to the power frequency and 

low impedance to the high-frequency PD pulses, they are typically part of transfer impedances [5] 

However, capacitive sensors are frequently connected to the phase terminal or to some other part of 

the winding, often requiring breaching of insulation. 

Electromagnetic waves excited by discharge sparks are not confined and propagate away from the 

structure. This way, noninvasive near field sensors [2] and RF antennas [18],[19] can be used for 

detecting PD signals. The electromagnetic disturbance started by a PD contains RF frequencies 

typically from 100 kHz to several hundreds of megahertz. It is worth noticing that radiated signals are 

subjected to interference due to fields produced by other sources in a real power generation 

environment. In addition, multiple field reflections with the structures composing the generation 

setting significantly alter received transient signals by antennas and complicate analysis of PDs [20]. 

Consequently, the location of the antenna, the distance to the PD source and the specific bandwidth of 

the detection system notably influence on the detection sensitivity [3]. Noise influence can be 

minimized at the expense of substantial narrowing of the received signal bandwidth, yielding loss of 

information [20]. 

In this context, directional couplers [13] (Fig.1) are an attractive solution. Directional couplers can 

usually work with frequencies ranging from several Hertz to approximately 10 GHz [2]. This kind of 

sensor needs to be installed as close as possible to that part of the winding, which may be most 

exposed to critical PD activity. Figures 1 and 2 show directional couplers designed and constructed in 

our work. They consist of a microstrip-based structure, formed by a main conducting strip, separated 

from the ground plane by a dielectric substrate. The conducting strip and the ground plane are 

connected by a 50 Ω resistor R (Fig.2), used for impedance matching with the used cable and for 

absorption of reflected signals. The resistor is also used for reduction of external interfering signals. 

The other end of the coupler is connected to a coaxial cable (Fig.1a), which in turn is connected to an 

oscilloscope. This device can be manufactured using simple printed circuit board (PCB) technology. 
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(a) (b) 

Fig.1. Duroid-based microstrip directional coupler sensor: (a) without encapsulation, (b) sensor encapsulated in silicon. 

 

 

Fig.2. Details of directional coupler: a) top view, b) bottom view. 

 

III. NUMERICAL AND EXPERIMENTAL ANALYSIS OF THE MICROSTRIP DIRECTIONAL COUPLER 

 

For performing numerical investigation, we employed the SAGS (synthesis and analysis of 

grounding systems) [21] parallel electromagnetic simulator, adapted specially in our work for 

modeling partial discharges (see Appendix A) via the FDTD method. This approach is used to solve 

Maxwell’s equations numerically in time domain with finite differences [14],[15]. The structure 

investigated experimentally in [14] was numerically reproduced in our work for validation of the 

numerical analysis. As shown in Appendix A, our numerical results agree very well with PD 

experiments in literature. 

The directional coupler was designed with the following dimensions: 10 cm (length), 2 cm (width) 

and 1.5 mm (thickness). The coupler conducting strip is 9cm-long and 4mm-wide. It is connected by a 

subminiature version A (SMA) connector (Fig.2b) to the oscilloscope through a coaxial cable (Fig.1). 

The substrate dielectric material is duroid. With this sensor, one can register the PD signals without 
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electrical contacts with winding coil and minimize interference caused by external electromagnetic 

field sources. The experimentally measured return loss of the coupler is shown by Fig.3, where we 

can see that the first resonance occurs at approximately 547 MHz. As far as the substrate relative 

permittivity is about 2.2, a wavelength of approximately 37 cm is obtained. Notice that the calculated 

wavelength is about four times the length of the coupler, as predicted in [22]. In addition, as described 

in [23], all other resonances can be calculated by multiplying the first resonance frequency by an odd 

integer. This feature can also be seen in Fig. 3. 

 

Fig.3. Measured return loss of our constructed directional coupler.  

 

In order to validate results in Fig.3 and our FDTD simulator, we have conceived a numerical model 

of the directional coupler (Fig.4). We have set the edge of cubic Yee cells [24] to ∆x = ∆y = ∆z= 2 

mm, allowing us to simulate the coupler along with the hidrogenerator bar by reducing computational 

resources requirements. The coupler’s microstrip line and ground plane were modelled by setting 

tangential electric field components (Ex and Ey) to zero on Yee’s cells faces (Fig.4(b)), which is the 

usual FDTD representation of perfect electric conductor thin sheets [15]. This representation is valid 

only when ∆x, ∆y and ∆z are smaller than min/10. For this reason, these metallic flat surfaces have a 

discrete (gridded) representation in their equivalent FDTD model illustrated by Fig.4. 

Simulations were executed in a Beowulf cluster [25] with 16 quadcore computers (64 processing 

cores were used). The numerical model of the coupler is 10 cm-long, with 2 cm in width and the 

dielectric substrate (Duroid) has the following parameters [26]:                     ,      

and dielectric strength of 11.2 kV/mm. The strip is 9cm-long and 4mm-wide. The output port pin 
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extends from the strip to the coupler’s connection port, such as indicated in Fig.4. Coupler’s output 

signal is the voltage induced between the port pin and the ground plane. Notice that using the method 

described in [27] one obtains the impedance of the coupler approximately of 54 Ω. 

 

(a) 

 

 

 

 

(b) 

 

(c) 

Fig.4. FDTD model of the directional coupler as viewed in SAGS: (a) top view, (b) bottom view and (c) side-view. 

 

The return loss of the coupler was calculated numerically via FDTD method and measured 

experimentally (Fig.5). Notice that it is below -14 dB from ~100 Hz to 2 GHz. One can see a good 
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agreement between the measurements and the FDTD simulation results.  

 

Fig.5. Simulated (FDTD) and measured return loss (dB) of the microstrip directional coupler. 

 

For verification of physical consistence of results obtained with the directional coupler placed on 

the 3.5×0.066×0.022m-bar, the simulation performed to validate the software SAGS (described in 

Appendix A – Fig.16) is repeated. However, for the present simulation, the FDTD numerical model of 

the directional coupler is placed over the structure, as illustrated by Fig.6, inset 1. The insets 2 and 3 

in Fig.6 show the excitation port, which was conceived for ensuring impedance matching between the 

bar’s metallic core and the voltage excitation source. Notice that grounding system of electrodes was 

modeled by penetrating part of the metallic structure in conductive soil with the parameters r = 10 

and  S/m. In order to represent ground as a semi-infinite medium, the soil model penetrates the 

CPML walls and waves are absorbed. Reflections are avoided by ensuring impedance matching 

between CPML and soil and between CPML and free space [16] [21]. The resistor in insets 2 and 3 of 

Fig.6 performs the same function of that in Fig.16 (b) [28] (observe that both of them are placed at the 

same location). The inset 4 in Fig.6 shows the output port. Output voltage is calculated between the 

grounded electrode and the inner conductor.  
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Fig.6. SAGS FDTD model of the directional coupler on the bar modeled for validation of measurements: inset 1: the 

directional coupler; inset 2: excitation port and grounded rods; inset 3: excitation port (front view); inset 4: output port [28], 

grounded rod and bar inner conductor (output voltage is obtained between inner conductor and grounded rod). Every 

grounded structure partially penetrates soil. 

 

The (normalized) signal obtained at the coupler’s port is shown in Fig.7. The signal shape is very 

similar to the time derivative of the signal of Fig.17, which is obtained at output port (inset 4 of 

Fig.6). This effect is expected because the coupler is much smaller than the minimum signal’s 

wavelength (min ≈ 38m) [27]. It is interesting to notice that the oscillations seen in Figs.7 and 20 are 

caused by reflections at the bar ends (each peak is registered after the wave propagated through the 

bar length two times), producing specific resonance. In comparison to the signal of the bar output port 

A, a significant reduction of the signal level registered by the directional coupler is observed. It is 

mainly a consequence of the shielding effect caused by the bar metallic coating (Fig.16), over which 

the coupler is placed. However, bandwidth of directional couplers is much larger than that of 

capacitive couplers, as shown in the next Section. Coupling factor between the directional coupler and 

the Roebel bar and a discussion concerning its directivity are presented in Appendix B. 

Excitation port

Excitation port

Grounded rods

Soil

Hidrogenerator

Bar

Directional

coupler

3
4

̶

Output  port Inner

conductor

Grounded rod

1W

Resistor

50 W

Port 1 Grounded rods

2

1WResistor

Voltage

Excitation

Gap



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 14, No.2, December, 2015              205 

http://dx.doi.org/10.1590/2179-10742015v14i2526 
 

Brazilian Microwave and Optoelectronics Society-SBMO        received 16 Feb 2015; for review 19 Feb 2015; accepted 24 Sep 2015 
Brazilian Society of Electromagnetism-SBMag          © 2015 SBMO/SBMag                                                       ISSN 2179-1074 

 

Fig.7. Signal induced on the directional coupler, obtained numerically by modelling the bar with the sensor. 

 

IV. HIGH-VOLTAGE PARTIAL DISCHARGE EXPERIMENTS 

 

In order to analyze PDs in the stator windings, experiments were performed in a laboratory with an 

imbricated type Roebel bar, which is 2.9 m long, removed from a 290 MW hydrogenerator. Fig.8(a) 

shows the high-voltage experimental set up in Eletronorte HV-laboratory. The transfer impedance [5] 

is a coupling device that converts the input currents to the output voltage signals (schematics are 

given by Fig.8(b)). These signals are transmitted to the measuring device. The coupling capacitor C1 

in Fig.8(b) is used as a sensor for detecting PD signals from the machine winding. In experiments, 

100kV 60Hz-source from Instronic was used. The transfer function      of the transfer impedance 

circuit in Fig.8(b), considering ideal lumped circuit elements, is given by [5] 

     
     

            
   (1) 

 

For data collection, two measuring systems were used: the Monitoring and Partial Discharge 

Measuring Device (IMA-DP) produced by CEPEL (Electrical Energy Research Center, in Brazil) and 

a Tektronix digital oscilloscope 3034B (350 MHz - 2.5 GS/s). The former was used during 

experiments for recording PRPD (phase-resolved partial discharge) map of partial discharges. It 

consists of software and hardware (particular oscilloscope) parts. The latter instrument was used to 

record the DP signals in time domain. 
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(a) 

 

(b) 

Fig.8. The high-voltage experiment: (a) setup at Eletronorte laboratory and (b) schematics of the transfer impedance (R_=_2 

kΩ and C2   =  0.132 nF) connected to coupling capacitor C1. 

 

Two traditional capacitive couplers of 80 and 220 pF and a microstrip directional coupler were 

tested. The directional coupler was put in the winding slot of the Roebel bar (and not over the winding 

metallic structure), as indicated in Fig.9. For safety purposes, a measurement impedance of 2000 Ω 

was connected between the directional coupler and the oscilloscope for each measurement performed. 
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Notice that the transfer impedance was used with the capacitive couplers only. 

 

Fig.9. The directional coupler installed in winding slot for registering PD signals in a Roebel bar. 

Acquisition and analysis of signals have been performed using IMA-DP and a 2.5 

GigaSamples/second oscilloscope. The software separates PD signatures from the 60 Hz power 

signals, from noise and other disturbance sources. Signals are then filtered and PD peak values are 

estimated, recorded and finally plotted along with the phase of 60 Hz-power signal.  

The high-voltage tests were performed using the methodology defined by IEC [4]. The procedure 

starts with the application of a 60Hz gradually increasing voltage from zero to the conditioning 

voltage Un = 13.8 kV, which is applied during five minutes (Fig.10). Voltage is then progressively 

reduced to zero. Subsequently, the voltage is slowly raised to Un    and the first measurements and 

recording of the PD patterns are conducted during an acquisition time interval of 60s (Fig.10). The 

voltage is progressively raised back to Un and PD counting is carried out for another minute. This 

methodology is used because PD counting is affected (it is typically smaller) during the first minutes 

of high-voltage application, as accurately detailed in [4]. The presented conditioning procedure 

ensures steady PD activities in the winding component to be measured. 

 

Fig.10. Outline of 60 Hz high-voltage application during time for conditioning the bar and registering PD data. 

During the high-voltage measurements with the capacitive couplers, we observed the excitation of 

the first DPs when 60 Hz voltage reached approximately 10 kV. Figs.11(a) and (b) show the graphs 

resulted from a phase-resolved partial discharge (PRPD) analysis (also known as Pulse Phase 
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Analysis – PPA [29]) for the coupling capacitors of 80 pF and 220 pF, respectively, with the applied 

voltage of 13.8 kV (Fig.10). PRPD pattern graphics are constructed by plotting PD peak values as 

function of power signal phase and by mapping frequency of occurrence of a given PD peak value to 

a color map. In Figs.11(a) and (b), blue color represents low frequencies of PD occurrence and green 

and yellow represent intermediate and high frequencies of PD occurrence, respectively. In Fig.12, 

lighter red indicates high frequencies of PD occurrence. For counting partial discharges during 

measuring period, a threshold value of one fifth of the maximum PD peak registered for a particular 

sensor under test is used. 

It is observed from data in Figs.11–14 and from Table I that the 80 pF-based sensor presents 

reduced measurement sensitivity when compared to the 220 pF-based sensor. Although the frequency 

spectra of 80pF and 220pF presents higher energy density of measured signals in the range from a few 

Hertz to approximately 10 MHz (Figs.13(b) and (d)) and small energy density was observed to be 

distributed in the range of 30 to 50 MHz for the 80pF sensor, IMA-DP registered 1066 PD pulses with 

the 80pF-based measuring circuit (during 60 seconds) and 1413 pulses with the 220 pF coupler (Table 

I). This behavior, which has been verified several times during experiments, is attributed to the fact 

that the capacitors and other components of transfer impedance are not ideal. In addition, the 

comparison of dimensions of the capacitors to the wavelengths of the tens of megahertz range makes 

it clear that the sensors can hardly be considered lumped circuit elements. This factual condition 

produces transfer functions different from the ideal curves shown by Fig.14, affecting experimental 

results. Finally, as predicted in Fig. 14, the maximum average peak registered with the 80 pF sensor 

(90mV) is smaller than the 160 mV observed with the 220 pF capacitor (Table I). 

 The PRPD measured with both capacitive couplers presented a specific level of symmetry for 

positive and negative discharges with respect to the negative and positive half cycles. This pattern is 

compatible to the standard shown in [3] for internal partial discharges obtained with capacitive 

couplers. 

TABLE I.  Characteristics of partial discharges and corresponding systems. 

Measurement System 

Absolute average 

peak amplitude of  

registered PD 

signals (mV) 

Number of Registered Pulses 
Theoretical Cutoff Frequencies 

Lower (kHz) Higher (MHz) 

1 
IMA-DP with 80 

pF coupling 

capacitor 
90 1066 995.22 31.00 

2 

IMA-DP with 

220pF coupling 

capacitor 

160 1413 361.90 30.36 

3 
Microstrip 

directional 
25 2084 0.10 1000.00 
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coupler with 

oscilloscope 

Tektronix 

3034B. 

 

The second step of the 13.8 kV experiment was conducted in order to evaluate the performance of 

the microstrip directional coupler. The obtained PRPD pattern is shown in Fig.12 and average 

temporal and spectral signals are shown in Figs. 13(e) and 13(f). It is important to notice that the 

measurements performed with the directional coupler registered PDs in a spectral range from tens of 

Hertz to 400 MHz, with most of energy distributed over the range 100 Hz to 280 MHz, a bandwidth 

much wider than observed in Figs. 13(b) and 13(c) for capacitive couplers PD signals, as predicted by 

return losses in Fig.5. This means that PD information in the band from 10 MHz to 280 MHz is 

neglected by capacitive systems. This fact suggests that discharges with smaller rise times are not 

accounted in PRPD analysis performed with capacitive couplers. This assumption was confirmed in 

our experiments, as far as 2048 PDs (Table I) have been detected when directional coupler was used. 

The improvements on spectral bandwidth and PD counting results are obtained at the expense of 

reducing amplitude of received signals, as shown in Table I. 

 

(a) 
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(b) 

Fig.11. PRPD pattern (with respect to the 60Hz AC cycle) obtained with capacitive couplers by subjecting the Roebel bar 

to 15kV: (a) 80 pF and (b) 220 pF. 

 

Fig.12. PRPD pattern (with respect to the 60Hz AC cycle) obtained by using the microstrip directional coupler. 



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 14, No.2, December, 2015              211 

http://dx.doi.org/10.1590/2179-10742015v14i2526 
 

Brazilian Microwave and Optoelectronics Society-SBMO        received 16 Feb 2015; for review 19 Feb 2015; accepted 24 Sep 2015 
Brazilian Society of Electromagnetism-SBMag          © 2015 SBMO/SBMag                                                       ISSN 2179-1074 

 

Fig.13. Averaged PD signals in time and frequency domains acquired with various measuring systems during the 13.8 kV 

high-voltage experiment: (a) and (b) for 80 pF capacitive coupler; (b) and (c) for 220 pF capacitive coupler; (e) and (f) for 

microstrip directional coupler. 
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Fig.14 Theoretical absolute values of the transfer function of the transfer impedance with coupling capacitors C1 of 80 pF 

and 220pF. 

 

V. FINAL REMARKS 

 

In this work, we have analyzed and compared experimental techniques for measuring partial 

discharges signals in the stator windings of hydrogenerator. For the study of different sensors, it was 

assembled in laboratory a high-voltage experimental setup. Conventional capacitive couplers of 80 

and 220 pF used in most power plants and a directional coupler were tested and compared. Our 

experimental results show that the measurement of partial discharges signals by using directional 

couplers presents some advantages in comparison with the conventional capacitive couplers.   

It is naturally observed that different sensors possess different bandwidths and different amplitude 

sensitivity levels of PDs. The main advantage of the directional coupler when it is used as a PD 

measuring device is a higher precision of pulse counting as compared with traditional capacitive 

couplers. As we have shown in the paper, the traditional capacitive couplers reject a significant part of 

the high-frequency band of PD signals, affecting PD counting. On the other hand, directional couplers 

with their greater bandwidth, can account for shorter pulses in comparison with the capacitive 

couplers.  In addition, the directional couplers are less sensitive to the noise produced by remote 

sources, because they are very close to the bars. Thus, the use of the directional couplers as PD 

sensors allows one to improve PD counting due to the possibility to detect short pulses which the 
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capacitive couplers reject by filtering.  

It is noteworthy that all couplers evaluated in the high-voltage experiments were able to register 

partial discharges when the bar was subjected to a voltage of 13.8 kV. The capacitive couplers are 

efficient for detecting discharges with spectral energy from a few Hz to tens of megahertz and the 

directional couplers registered PD pulses with energy distributed on a much wider spectral range from 

100 Hz to 280 MHz. Notice that pulses with frequency components from 100 MHz to 280 MHz can 

present very significant amplitudes (between 10 to 60 percents of maximum spectral amplitude). This 

way, as far as the directional coupler tends to preserve the PD pulse shapes with smaller rise times (as 

shown in FDTD simulations) and due to the fact that it works only from very small distances from 

object under test, the PD counting procedure based on directional couplers is more precise than PD 

counting performed with capacitive couplers. It was  experimentally demonstrated in our work. 

 

APPENDIX A: VALIDATION OF EXPERIMENTS VIA COMPUTATIONAL SIMULATIONS 

 

For purposes of validation of our experiments, the software SAGS [21] which solves Maxwell’s 

equations by the finite-difference time-domain method (FDTD-3D), was adapted by authors for 

modeling partial discharges. We reproduced the results of the problem investigated in [28], where 

experiments were conducted to study the propagation of PD signals along stator bars. These 

experiments were carried out in a 3.8m-long sample bar (of Roebel type) dismantled from a 900MW 

generator. Voltage V1 was applied to the bar input and voltage V2 was measured at the output. Fig.15 

shows the experimental setup used in [28], which was numerically reproduced in our paper. 

BAR

Pulse Generator

50 Ω 

V2V1 1 Ω R

 

Fig.15. Circuit used experimentally in [28], which is reproduced numerically in this work. 

 

The FDTD numerical model is composed of three layers: inner metal structure, surrounded by a 

dielectric layer, which in turn is coated with an outer metallic layer, as illustrated by Fig.16. The 

dielectric layer made of mica is characterized by the parameters εr = 3.8, σ = 0.00010394 S/m and μr = 

1. Metallic parts are considered to be copper (εr=1, σ=10270 S/m and μr=1). It is worth mentioning 
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that these parameters were inferred from the results presented by [28]-[30] and by measurements 

performed on a similar bar provided by Eletronorte. The parameters used are in accordance with the 

parametric ranges specified in [31] and [32] for mica and cooper, respectively. 

 

Fig.16. FDTD model of the bar as displayed by SAGS: dimensions and 3D representation. 

 

The rectangular FDTD grid created to represent the space consists of 848 × 254 × 165 cubic Yee 

cells, with edge Δ = 2 mm. Certain approximations have been made in the structure’s numerical 

model, since not all geometric data were specified in [28]. It was found that the diameter of the 

connecting cables significantly contributes to the output voltage V2. Cables with diameter smaller 

than 8 mm caused additional oscillations in the result. Lumped elements were modeled by using 

formulation presented in [24]. A comparison between the waveforms of voltage V2, obtained from 

FDTD simulation and from experiments in [28], is shown in Fig.17. 

 

3.8 m

0.066 m

2 cm

0.048 m

8 mm

(a) (b)
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Fig.17. Comparison between numerical and experimental waveforms of voltage V2, obtained via FDTD simulation (this 

work) and measurements performed in [28]. 

 

It is observed that the simulated voltage is not completely identical to the experimental result. This 

occurs because the exact dimensions of width and thickness of the experimental bar are not given in 

[28]. However, the two results present very close phases and amplitudes. Therefore, one can state that 

adequate qualitative and quantitative agreements are obtained. This validates the method and the 

developed software used for simulating the present problem. 

 

APPENDIX B:  NUMERICAL EVALUATION OF CURRENT COUPLING FACTOR FOR 

THE DIRECTIONAL COUPLER OVER THE ROEBEL BAR 

 

In order to determine the current coupling factor between the Roebel bar and the designed 

directional coupler, we have simulated the problem depicted in Fig. 18. For this aim, the numerical 

problem defined on Fig. 6 has been adapted as follows: 1) the excitation source has been replaced by a 

PD source positioned inside the Roebel bar insulation; 2) as long as current coupling factor is to be 

calculated, we have included a 50 Ω load resistor connected to the directional coupler port for 

maximizing power transferring.  All remaining simulation parameters were preserved.  

At this point, it is important to notice that because the electromagnetic waves originated at PD 

excitation point reflect at the bar ends, partial discharge signals can be detected by the directional 

coupler regardless of the position of PD source. For this reason, directional coupler can be installed 

parallell to the bar  with any of the two possible orientations, as it is  shown, for example, in Fig.18. 

 

Fig.18. Schematics of the numerical setup conceived for calculating the current coupling factor between the Roebel Bar and 

the microstrip direction coupler. The bar and the coupler are separated by a single FDTD cell. 

 

Transient currents iPD(t) and iL(t) were calculated, respectively, at the PD excitation point and 

across the load resistor (Fig. 18). In order to obtain the coupling factor Cfact as a function of frequency 

f, we have computed the following expression 

50 W
50 W

Coupler Port Load resistor

PD source

Roebel Bar
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for several frequencies from 1 kHz to 2 GHz. In (2), the symbol   indicates the fast Fourier 

transform (FFT). The obtained curve for Cfact (f) is given in Fig. 19. 

 

Fig.19. Current coupling factor between the Roebel Bar and our microstrip direction coupler. 

 

 We see in Fig. 19 that the current coupling factor ranges from approximately -27 dB to -10 dB 

over the frequency band of interest. Notice that the resonances observed at approximately 990 MHz 

and 1800 MHz are consistent with the data shown in Fig. 5. 
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