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Abstract 
In this paper, a study of the propagation of partial discharge pulses in the stator winding of a synchronous machine is presented. This study was 
performed by injecting artificial partial discharge pulses in the stator winding of a 2.4 kV/210 kVA salient-pole synchronous machine. It was found that 
the propagation of the partial-discharge PD signals is presented in two modes: the slow mode, in which the coil acts as a transmission line; and the fast 
mode, in which the pulse propagates through the overhangs. The fast mode is due to capacitive and inductive couplings in the overhangs. In the slow 
mode, a PD signal manifests itself at the generator terminals after a transit time that depends on the distance traveled by the pulse. A strong positive 
linear correlation was observed between the arrival time in the slow mode and the length traveled by the pulse in this mode. The DC ohmic resistance 
between the injection point and the measurement point was used to represent the distance traveled by the pulse in the slow mode. The capacitive and 
inductive couplings also cause a crosstalk between the phases. As a consequence, a PD signal can be measured at different phases to the origin phase. 
In the slow mode, the signal will suffer attenuation in amplitude due to the dispersion and the absorption of energy while it propagates in the slow mode. 
 
Keywords: partial discharge, partial discharge pulse propagation, stator winding, rotating electrical machine. 

 
 

Análisis de la propagación de pulsos de descarga parcial en el 
devanado del estator de una máquina sincrónica 

 
Resumen 
En este artículo se presenta un estudio de la propagación de pulsos de descarga parcial en el devanado del estator de una máquina eléctrica sincrónica. 
El estudio se realizó inyectando pulsos artificiales de descarga parcial en el devanado del estator de una máquina sincrónica de polos salientes de 
2.4 kV/210 kVA. Se encontró que la propagación de la señal de descarga parcial se presenta en dos modos: el modo lento, en el cual las bobinas actúan 
como una línea de transmisión, y el modo rápido, en el que el pulso se propaga a través de las cabezas de bobina. El modo rápido es debido a los 
acoplamientos capacitivos e inductivos de las cabezas de bobina. En el modo lento, una señal de descarga parcial se manifiesta en los terminales del 
generador después de un tiempo de viaje que depende de la distancia recorrida por el pulso. Se encontró una fuerte correlación positiva entre el tiempo 
de llegada del modo lento y la longitud recorrida por el pulso en el modo lento. La resistencia óhmica de DC entre el punto de inyección y el punto de 
medición fue utilizada para representar la distancia recorrida por el pulso en el modo lento. Los acoplamientos capacitivos e inductivos de las cabezas 
de bobina ocasionan crosstalk entre fases. Como consecuencia, una señal de PD puede ser medida en fases diferentes a la de origen. En el modo lento, 
las señales sufren atenuación en su amplitud, debido a la dispersión de la señal y a la absorción de energía, a medida que se propagan en el modo lento.  
 
Palabras clave: descargas parciales; propagación de pulsos de descarga parcial, devanado del estator, máquina eléctrica rotativa. 

 
 
 

1.  Introduction 
 
In [1], it was found that 56% of faults that arise in hydro 

generators are due to the failure of the stator winding 
insulation system. 

Partial discharges arise within the insulation winding and 
generate electromagnetic waves that propagate inside and 
outside of the winding. Many systems of partial discharge 
measurement are based on the capture and processing of 
these signals [2]. 
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Perhaps the most extreme example of propagation path 
complexity is found in rotating machines [3]. The 
geometry, wide range of materials and interfaces, and 
complexity of the physical and electrical paths of rotating 
machines all conspire to modify the discharge pulse in a 
way that makes characterization extremely difficult. 
Therefore, the electromagnetic waves will propagate in 
different modes [4], will suffer attenuation and reflections 
and will find complex and variable impedances in regions 
of slots and overhangs. 

Previous studies have found the presence of two modes 
of signal propagation [4,5], the slow mode, or traveling wave, 
and the fast mode, or coupling wave. In the slow mode, a 
discharge pulse will propagate through the stator winding as 
in a transmission line [6], where the energy is transmitted by 
a conduction current and propagated in the space around the 
conductor. In the slow mode, the winding acts as a guide, 
along which electromagnetic energy moves [7]. In the fast 
mode, the wave travels through the capacitive and inductive 
coupling of the overhangs [6,8], causing a leakage field in 
which energy is coupled to the surrounding conductors 
through a displacement current [5]. The propagation time in 
the fast mode is very short compared to the slow mode 
because the distance is much smaller. The propagation speed 
is the speed of light in a vacuum, c, because the propagation 
medium is air [8]. These propagation modes are strongly 
associated with the spectral components of the PD signal, 
with the slow mode corresponding to the low frequencies of 
the signal and the fast mode corresponding to the high 
frequencies of the signal [6]. In the slow mode, while the 
wave propagates, the signal attenuates and changes shape due 
to the dispersion [4]. 

This paper presents the test results of the electromagnetic 
characterization of the propagation of an artificial partial 
discharge pulse in the stator winding of a 2.4 kV/210 kVA 
salient-pole electrical machine. 

 
2.  Experimental Setup 

 
For this study, we used the stator winding of a 

210 kVA/2.4 kV three-phase salient-pole synchronous 
generator (without rotor), as shown in Fig. 1. The stator is 
lap type with four slots per phase and per pole (q=4), a 
double layer and a coil pitch of y = 8. The machine has 96 
coils, so each phase has 32 coils. The number of turns per 
coil is 7, and the conductor is composed of two strands.  

A RIGOL® DS1052E digital oscilloscope with a 
50 MHz bandwidth was used to measure the signals. The 
injection of a simulated PD signal was performed using a 
DG1022 RIGOL® signal generator with a 50 Ω source 
impedance. 

For the signal injection, a hole was made in the middle 
of the top layer of each of the 32 coils of phase R. Copper 
conductors were installed in these holes, as shown in Fig. 
2. and Fig. 3. The signals were injected through these 
conductors directly to the stator winding. A 50 Ω resistor 
was installed in parallel at the injection point to avoid 
pulse reflection. 

The general scheme of the test is presented in Fig. 4. 
 

 
Figure 1. Stator of the electrical machine of 210 kVA. 
Source: The authors. 

 
 

 
Figure 2. Spatial position of the injection point of the signal. 
Source: The authors. 

 
 

 
Figure 3. Injection point inside the slot. 
Source: The authors. 
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Figure 4. General scheme of the test. 
Source: The authors. 

 
 

 
 
Figure 5. Response at the measurement terminal for the signal injection into 
coil 5. 
Source: The authors. 

 
 

3. Experimental results 
 

3.1.  Propagation modes 
 
A simulated signal of partial discharge, such as a 

Gaussian pulse of amplitude 1 V, rise time of 27.5 ns and 
pulse width of 100 ns, was injected at coil 5. The response at 
the high voltage terminal of phase R is shown in Fig. 5. 

Fig. 5 shows that the signal propagation arrives at the 
measurement terminal in two modes. The first is detected 
almost immediately after the signal was injected and thus has 
been commonly called fast or wave coupling. The second 
mode arrives at the measurement terminal with a significant 
time delay; this propagation mode is known as traveling wave 
or slow mode. 

 

3.2. Signal processing 
 
After injecting the signals in all of the coils, the responses 

were measured at the measurement terminal, and signal 
processing was applied to these signals. Such processing 
includes noise removal and the separation of the two 
propagation modes, slow and fast. To separate the 
propagation modes, we used the discrete wavelet transform 
because this transform is formed by passing the PD signal 
through a series of quadrature filters consisting of a high-pass 
and a low-pass filter [9], as shown in Fig. 6. In general, 
wavelets are functions defined over a finite interval that 
possess an average value of zero. The CWT is a tool for 
dividing functions into components of different frequency, 
which allows us to study each component separately [10]. 
Wavelet decomposition produces an ‘approximation’, A, as 
the output of the low-pass filter and a ‘detail’, D, as the output 
of the high-pass filter [9], as shown in Fig. 7. [11]. We used 
various discrete wavelet transforms, obtaining the best results 
with the Daubechies 20 (DB20) in five levels. The coefficient 
a5 of this transform represents the slow mode. The sum of 
coefficients d5, d4, and d3 represents the fast mode. 
Coefficients d1 and d2 are considered noise. Fig. 8 presents 
the signal processing to the signal obtained at the high 
voltage terminal after injecting the pulse at coil 5. 

 
3.3.  Variation of the injection point. 

 
Fig. 9 shows the response at the measurement terminal 

when the signal is injected successively in each coil of phase 
R. 

 

 
Figure 6. The fundamental of the discrete wavelet decomposition. a) High- 
and low-pass filters b) iterative process of multilevel decomposition. 
Source: Rahman, 2011. 
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Figure 7. Multilevel decomposition in the frequency. 
Source: Fugal, 2009 

 
 
Both propagation modes are present in every signal. Fig. 

9 also shows that the propagation time of the slow mode 
increased as the injection point moved away from the 
measurement terminal. 

  
Figure 8. Processing the signal generated from coil 5. 
Source: The authors. 

 
 

 
Figure 9. Variation of the injection point of the signal. 
Source: The authors. 

 
 

3.4.  Harmonic spectrum 
 
Fig. 10 shows the harmonic spectrum of the response at 

the high-voltage terminal of phase R due to the injection of 
an artificial pulse of PD at each of the 32 coils of phase R. 

Figs. 11 and 12 show the harmonic spectrum of the slow 
and fast propagation modes of the signals measured due to 
injection of an artificial pulse at coils 5 and 15. 

 
4. Analysis 

 
4.1.  Arrival time 

 
After performing signal processing using the wavelet 

transform, we proceed to determine, via the energy method 
[12], the arrival time of the propagation modes versus the coil 

number. This plot is shown in Fig. 13. 
 

 
Figure 10. Harmonic spectrum. 
Source: The authors.  
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Figure 11. Harmonic spectrum for coils 5 and 15 in the slow mode. 
Source: The authors. 

 
 

 
Figure 12. Harmonic spectrum for coils 5 and 15 in the fast mode. 
Source: The authors. 

 
 

 
Figure 13. Arrival time versus coil number. 
Source: The authors. 

 
 
In Fig. 13, one can observe that the arrival time of the fast 

mode is independent of the injection point of the signal. 
Unlike the arrival time of the fast mode, that of the slow mode 
presents a strong positive linear correlation with the distance 
traveled by the pulse at the winding. 

Because the winding is lap type and has four slots per pole 
and per phase, the coil number is not the most appropriate 
parameter for relating to the length traveled by the pulse in 
the slow mode. Therefore, presenting the arrival time of the 
slow mode versus the real length traveled by the pulse is most  

 
Figure 14. Arrival time for the slow mode versus DC ohmic resistance. 
Source: The authors. 

 
 

appropriate. Measuring the real length traveled by the pulse 
in the stator winding is difficult. Therefore, we used the DC 
ohmic resistance measured between the injection point and 
the high voltage terminal as an indirect measure of the 
winding phase length. Fig. 14 shows the arrival time at the 
slow mode versus the DC ohmic resistance. 

 
4.2. Propagation velocity of the slow mode 

 
The propagation velocity of the signal is constant over the 

whole winding. This propagation velocity is called the group 
velocity [13] and is dependent on the harmonic content of the 
injected signal, i.e., if a pulse is injected with different 
characteristics, a pulse with different harmonic content and a 
different propagation velocity is obtained [8,14,15].  

The propagation velocity of the slow mode is obtained by 
performing linear regression of the data presented in Fig. 14. 
The linear regression is presented in eq. (1). 

 
ݐ ൌ ሺ11.132 ∙ ܴ െ 0.281ሻ	ሺݏߤሻ   (1) 
 
where t is the arrival time of the slow mode and R is the 

DC ohmic resistance in Ω. 
Conductor DC ohmic resistance is defined by 
 
ܴ ൌ

ఘ∙௅

ௌ
     (2) 

 
where L is the length of conductor, S is the cross-section 

and ρ is the resistivity. 
Substituting eq. (2) in eq. (1), we have 
 
ݐ ൌ ቀ11.132 ∙

ఘ∗௅

ௌ
െ 0.281ቁ ∙ 10ି଺	ሺݏሻ  (3) 

 
Solving eq. (3) gives 
 
௅

௧ି଴.ଶ଼ଵ
ൌ

ௌ

ଵଵ.ଵଷଶ∙ఘ∙ଵ଴షల
    (4) 

 
In our specific case, the cross section of the conductor is 

14.44 µm2 and it is assumed that resistivity is equal to the 
resistivity of copper, i.e., 1.7∙10-8 Ωm. Substituting these 
values into eq. (4), we have 
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௅

௧ି଴.ଶ଼ଵ
ൌ 76,30 ∙ 10଺    (5) 

 
Assuming that 
 
௣௥௢௣ݒ ൎ

௅

௧ି଴.ଶ଼ଵ
     (6) 

 
We have that the propagation velocity of the slow mode 

of the signal is approximately 76.30 m/μs or 25.43% of the 
speed of light in vacuum. In [4], a propagation velocity of 
9.1 m/μs was found. In [6], a propagation velocity of 70 m/μs 
was found. These velocities are slower than propagation 
velocity found in this case. The resistance is not involved in 
the velocity of the pulse, and, in this paper, it is only used as 
an indicator of the winding length. 

 
4.3.  Attenuation and dispersion of the electromagnetic wave 

 
In the slow mode, the signal suffers an attenuation of the 

voltage amplitude due to power loss and signal dispersion 
[11,12]. Energy loss is caused by the absorption of energy by 
the ferromagnetic core, the conductor and the insulation of the 
winding. The propagation medium for the slow mode in a stator 
winding is dispersive due to the geometry and materials 
involved in the propagation path. A dispersive medium 

 

 
Figure 15. The pulse widening due to propagation in a dispersive medium. 
Source: The authors. 

 
 

 
Figure 16. Variation of pulse width versus DC ohmic resistance. 
Source: The authors. 

 
Figure 17. Normalized values of peak signal voltages at the slow mode. 
Source: The authors. 

 
causes the speeds of the harmonic components of the pulse to 
be different, which means that the shape of the signal is not 
preserved as it moves through the winding [13]. The effect of 
dispersion on the pulse is widening in time [16,17], as shown in 
Fig. 15. and Fig. 16. If the energy loss of the electromagnetic 
wave is negligible, the area under the curve of the pulse must 
remain approximately constant, and, hence, the widening in 
time causes a decrease in the voltage amplitude. Fig. 17 shows 
the normalized peak voltage values for the slow propagation 
mode versus the DC ohmic resistance. 

 
4.4.  Variation of the rise time. 

 
Fig. 18 shows the effect of the slow mode propagation on 

the rise time of the signal. The rise time is dependent on the 
injection point. [18-20] stated the same fact for the electrical 
machines and cables. 

 
4.5. Crosstalk 

 
As mentioned above, in the fast mode, the 

electromagnetic wave propagates through the capacitive and 
inductive coupling of the overhangs, which means that the 
fast mode of the injected signal at phase R will engage with 
phases S and T. Therefore, a signal injected at phase R can 
be detected in phases S and T. Fig. 19 shows the crosstalk 
due to the injection of a signal at coil 12 of phase R and the 
measured response at the measurement terminals of phases 

 

 
Figure 18. Rise time versus DC ohmic resistance. 
Source: The authors.  
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Figure 19. Crosstalk between phases when the pulse was injected at coil 12. 
Source: The authors. 

 
 
R, S and T. All the injected signals produced crosstalk, 

and the signals induced are similar to the injected signal and 
may even have a greater voltage magnitude [4]. 

 
5.  Conclusions. 

 
In the slow mode, the PD pulse arrives at the generator 

terminals with a time delay. The time delay has a strong 
positive linear correlation with the length traveled by the 
pulse. In this case, the DC ohmic resistance between the 
injection point and the measurement point was used as an 
indicator of the winding phase length. 

We found that the signal velocity at the slow mode is 
76.30 m/μs or 25.43% of the speed of light in a vacuum. 

The slow mode amplitude decreases as the injection point 
of the signal move away from the measuring point. 

At the slow mode, the signal widens in time while it 
propagates through the winding. 

The rise time of the slow mode was found to increase 
while the electromagnetic wave propagates through the 
winding. 

Due to capacitive and inductive coupling in the region of 
the overhangs, at high frequencies, we found a second mode 
of propagation, which is commonly known as the fast mode 
or coupling wave because it manifests in the terminals 
without appreciable delay. 

Due to crosstalk or coupling between the phases, a 
measured PD signal in a phase does not necessarily indicate 
that the signal originated from a discharge at this phase. 
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