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Abstract: A vital component of electrical machines (EMs), which plays the most significant role in
their reliable and proper operation, is their insulation system. Synchronous generators (SGs) are
the most commonly used EMs in energy production and industry. Epoxy resin and mica are the
predominant insulation materials for the SGs” windings because their characteristics and properties
are suitable for extending the lifetime of the insulation. Partial discharges (PDs) are both a symptom of
insulation degradation, as they cause serious problems for insulation, and a means to identify possible
insulation faults with offline and/or online PD tests and measurements. A comparison of three
different equivalent circuit models of PDs occurring in different insulation materials (epoxy resin,
mica, and a combination of these two) is presented in this paper. Different applied voltages and/or
various geometries of voids are the factors investigated through simulations. The number of PDs,
PD activity, and flashover voltages are examined in order to evaluate which of the aforementioned
materials has the best reaction against PD activity.

Keywords: capacitive model; electrical machines; epoxy resin; flashover voltage; insulation system;
mica; MATLAB/Simulink; partial discharges; partial discharge model; synchronous generators

1. Introduction

A synchronous generator (SG) is one of the most used electrical machines (EMs) in
energy production, the industry, and high-kW applications. Besides its high efficiency, its re-
liable and proper operation as well as maximum performance with minimum maintenance
are the main characteristics of an SG [1].

An SG’s insulation system, which, most of the time, consists of a combination of
epoxy resin (ER) and mica, should avoid possible faults; thus, it plays a crucial role on
preserving all the aforementioned characteristics. ER is widely used for adhesive purposes,
and its molecular formula is Cy1 Hp5CIOs [2]. It has high mechanical strength and chemical
resistance and good physical and electrical properties, and it is resistant to moisture and
radiation. Mica has low dielectric losses and good mechanical resistance, dielectric constant,
and thermal conductivity. The combination of these two insulation materials creates very
good insulation properties for SGs [3-5].

Partial discharges (PDs) [3] are electrical discharges, which partially bridge the insula-
tion between conductors, and they are considered both a symptom and a mechanism of
insulation aging. The PD analysis differs in relation to different apparatuses, since PDs are
a serious problem for EMs, transformers, and high-voltage (HV) cables [6-9]. Specifically
speaking, capacitive models are used for studying enclosed cavities; Pedersen’s model
proposes the model of induced charge theory and studies PDs in cavities; the finite element
method (FEM) is used in order to measure the apparent charge magnitude and to model 3D
geometry; numerical models use different formulas for the simulation of PD activity and
the insulation system; and artificial intelligence (AI) PD models create algorithms for the
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processing and analysis of PD data [4] [9-12]. Reference [6] studies the harmonic voltage
on PD properties for the insulation of a DC cable, where the PD model consists of the test
object, as well as capacitances and resistances. In [7], the authors use FEM in order to study
PD activity for a high-temperature superconducting (HTS) transformer.

This paper compares three different PD models, i.e., the classic capacitive model, a
capacitive model with the addition of three resistors, and an advanced capacitive model
with a more detailed measuring system. The purpose of this comparison is to determine
which of the aforementioned insulation materials has the best reaction against PD activity
as well as to highlight the differences between the models.

2. Partial Discharges in Electrical Machines

Every EM has to face thermal, electrical, ambient, and mechanical (TEAM) stresses
during its operation and lifetime. Electrical stresses and especially PDs are the faults that
most stress the stator winding insulation of a generator [13]. The following figures, which
were taken during visual inspection using a borescope, show the stator of a real SG in
Greece and the results of corrosion occurrence due to PD activity and electrical stresses.

In Figure 1, traces of PDs and a general degradation of the stator’s insulation system
are evident. It becomes clear that PDs can cause serious faults in EMs’ insulation systems.
If a winding fault happens during operation, the consequential damages to the EMs can
lead to significant outage times. PD tests and measurements (IEC 60034-27) on rotating
machines give the possibility to monitor (periodically or permanently) the condition of
the electrical properties of an insulation system so that potential problems can be detected
and preventive maintenance can be scheduled during planned outages. During the offline
condition of the EM, the PD measurement can reveal the locations in the insulation system
with weak dielectric properties. The principle of PD measurement is to measure the pulses,
which are generated by charge displacements occurring within or on the stator winding
insulation system, and then capture them using PD couplers temporarily connected to the
EMs’ terminals.

Figure 1. Results from PD activity and electrical stress.

3. PD Models

Three different PD models were created in MATLAB/Simulink (The MathWorks, Inc.,
Natick, MA, USA) in order to investigate the factors affecting PD activity. Three different
insulation materials were used, i.e., ER, mica, and a combination (C) of these two. In order
to calculate the relative permittivity of the combination of the two insulation materials, the
following formula was used [14]:

ey = erer(s1 +s2) )
€r182 + €251
where ¢,; = 5 is the relative permittivity of mica, e, = 3.6 is the relative permittivity of ER,
s1 is the width of mica, and s; is the width of ER. Moreover, ER and mica were supposed to
cover the same volume of the test object. The relative permittivity of the combination of
these two insulation materials was calculated as ¢,3 = 4.12.
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Furthermore, three different applied voltages (5 kV, 10 kV, and 15 kV) were taken into
consideration. The dimensions of the test object were 40 mm x 20 mm X 40 mm, while
the dimensions of a cylindrical void inside the insulation material were considered to be
radius r = 6 mm and height h = 16 mm. Simulations were also made with double the radius
and double the height of the cylindrical void. Indicative samples of the simulation results
chosen from each model are presented here because of lack of space.

3.1. Capacitive Model

The capacitive model is an equivalent circuit of three capacitors, which was first
presented by Gemant and Philipoff in 1932, and since then many different proposals have
been made to improve this model. Figure 2 presents the capacitive model created in
MATLAB/Simulink, the elements of which are presented in Table 1 [3].
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Figure 2. Capacitive model.

Table 1. Capacitive Model’s Parameters.

Parameter Value
Ac High-Voltage (HV) Source 5kV,10kV, 15 kV

Resistor (Rq) 1000 O)

HV Measuring Capacitor (C;;) 1000 pF
Coupling Capacitor (Cy) 10 uF
R 50 Q)

Cm 0.45 uF

L 0.6 mH

The parameters of this model are [15]:

Resistor (R1), acting as a HV filter in order to reduce the noise of the source;

HV measuring capacitor and coupling capacitor, used in order to capture the displace-
ment current created during PD;

Ry, Cy and Ly, consisting of the measuring impedance (MI);

Three capacitors (C,, Cp, C¢), whose values depend on the insulation material and are
calculated by:



Machines 2023, 11, 230 40f17

eoer(a —2r)b

Co=— @)
o0& 12T

Co= 77" 3)
g1’

where g is the dielectric constant in vacuum; ¢, is the relative permittivity (dielectric
constant) of the insulating material; a is the length, b is the weight, and d is the height
of the test object; and r is the radius and / is the height of the void. It must be noted
that C, is the capacitance of the void in the solid, Cj, is the capacitance of the insulation
material connected to the void, and C, is the capacitance of the remaining insulation.
Table 2 presents the values for the three capacitors used for the initial simulations,
while Tables 3 and 4 show the values for the simulations with doubled radius and
doubled height, respectively. In the case of the doubled radius, there is a reduction
in C; and an increase in Cy and C., while in the case of doubled height, C, has the
same value, C, increases, and C. decreases. Moreover, C, is the same for all insulation
materials. Mica has the highest values for all capacitors, while ER the lowest. The
combination of these two insulation materials gives different values.

Table 2. Capacitive Model’s Parameters (h, r).

Parameter Value—ER Value—Mica Value—C
Ca 44624% 10" 13 F 7.4373x 1013 F 55780 %« 10~ 13 F
Cp 1.5012% 10" 13 F 25021 %107 1B F 1.8766 %+ 1013 F
C. 6.2553 %10 4 F 62553 %10 4 F 6.2553 x 1014 F

Table 3. Capacitive Model’s Parameters (h, 2 r).

Parameter Value—ER Value—Mica Value—C
Ca 25499 x 10~ 1B F 42499 x 10~ 13 F 31874 10" 13 F
Cp 6.0051 %10~ 13 F 10.0085 %10~ 13 F 7.5064 x« 10713 F
Ce 250211013 F 2502110 1B F 25021 10" 13 F

Table 4. Capacitive Model’s Parameters (2 h, r).

Parameter Value—ER Value—Mica Value—C
Ca 4462410713 F 7.4373 x 10" 1B F 55780« 10~ 13 F
G 4503810~ 13 F 7.5064 % 10~ 13 F 5.6298 %10~ 13 F
Ce 3.1276 x 10" F 3.1276 x 10" ¥ F 3.1276 x 1074 F

Various results for each insulation material and different geometries of the cylindrical
void are indicatively presented in Figures 3-11, where the flashover voltages (FVs) per time
are shown. The following diagrams show that the geometry of the enclosed void as well as
the applied voltage play a vital role in PD activity, i.e., when the aforementioned factors
increase, the number of PDs increases as well. Another factor examined is the insulation
materials, and it is obvious that the combination of the two insulation materials has the
lowest number of PDs, while mica has more PDs and a smaller maximum PD amplitude.
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Figure 4. PD Activity for ER,5kV, h, 2.
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Figure 11. PD Activity for Combination, 15 kV, 2 h, r.

3.2. Capacitive Model with Resistors

This PD model is an advanced capacitive model, as resistors were placed opposite
the three capacitors, as shown in Figure 12. The three resistors, R;, Ry, and R, indicate
the resistance of the insulation material, respectively, to the three capacitors C,, C;, and
C¢. These resistors—which were added in order to have a more detailed representation
of the insulation material, since geometric dimensions, relative permeability, and specific
volumetric resistance are taken into account—are calculated by [15,16]:

- Pinsh
Ro = ab — mr2 ®)
o Pins(h - hcuv)
Ry = Hieo e ®)

. Peavhean
Re = T2
TTr

@)

where p;,;s is the electrical resistivity of solid insulation (10 Om), and Pcav is the electrical
resistivity of the air cavity (10> Qm).

R
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Fj - %RD powergui
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1 T
ce L Rc RLC + i
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Figure 12. Capacitive resistance PD model.

Table 5 shows the values for the resistors added in this model for h and r. Table 6
presents the values for h and 2 r and Table 7 for 2 h and r. When the radius and the height
increase, there is an increase in the values of R; and R.. The other parameters have the
same values as those in the capacitive model.
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Table 5. Capacitive—Resistor Model’s Parameters (h, r).

Parameter

Value

R,
Ry
R¢

5.8227 x 10716 O
2123110717 O
1.4154 1077 O

Table 6. Capacitive—Resistor Model’s Parameters (h, 2 r).

Parameter

Value

R,
Ry
R¢

1.1499 * 10~ O
53078 « 10716 O
3.5385 % 10716 O

Table 7. Capacitive—Resistor Model’s Parameters (2 h, r).

Parameter

Value

R,
Ry
R¢

5.8227 x 10716 O
7.0771 % 10716 O
2.8308 x 10717 O

A sample of the results of the second model is shown below (Figures 13-21). The
results are similar to the corresponding diagrams of the first model in order to be more

perceptible in comparison.
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Figure 13. PD Activity for ER, 5kV, h, r.
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Figure 14. PD Activity for ER,5kV, h, 2.
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Figure 19. PD Activity for Combination, 5kV, h, r.
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Figure 20. PD Activity for Combination, 10 kV, h, 2 r.
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Figure 21. PD Activity for Combination, 15 kV, 2 h, r.

When the geometry of the void increases, either by increasing the radius or the height,
the number of PDs increases, and the same happens when the applied voltage increases, as
shown in the first model. As for the comparison between the three insulation materials, it
is clear that the combination of the two materials seems to achieve the best results, while
ER presents the fewest number of PDs and mica the smallest maximum PD amplitude.

3.3. Advanced Capacitive Model

The following Figure 22 shows an advanced model created in MATLAB/Simulink,
which consists of capacitors and resistors. Besides them, new parameters have been
included in this model [16,17]:

e A Resistor (Rsc), which is a linear resistance, indicating the resistance that the current
has to face;

e A Breaker, which is connected with the voltage on the air cavity (V) and PD current
(Ic). When the voltage becomes higher than the voltage on the air cavity, the breaker
goes to state 1, and when the current becomes higher than PD current, the breaker
goes to state 0.
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Figure 22. Advanced capacitive resistance PD model.

The following Table 8 shows the parameters of the aforementioned PD model, which
were used for the different simulations. Ry, is the same for all simulations, but V; and I,
change according to the geometries of the void. When the radius is doubled, there is no
change in the values of V. and I.. However, when the height increases, there is a reduction
in the values of V. and 1.

Table 8. Advanced Capacitive Model’s Parameters.

Parameter Value—r, h Value—2r, h Value—r, 2 h
V: 1.04639 kV 1.04639 kV 0.997 kV
I, 0.05231 A 0.05231 A 0.04985 A
Rare 10 kO

The PD voltage is given by the empirical formula [16]:

V. = 6.72V/51 4 24.36(51) (8)

where 6 = 1 is the relative density of the air, and ! is the gap length in cm. Moreover, when
the PD is ignited, the current on the air void increases and decays gradually. The upper
bound of the PD duration is 10 ns and this value corresponds to a decrease by half in the
current, relative to the peak value, and that is why the current is calculated as half of the
peak value.

Paschen’s law gives the breakdown voltage for the start of an electrical discharge or
electric arc as a function of the product of gas pressure and the gap distance between two
electrodes. It applies for both enclosed cavities in solid insulation materials as well as gases,
which are used as insulation materials [18].

Figures 23-31 show the results for the third model, presenting similar diagrams also
selected for the previous two models. The difference in this model is that the diagrams
are different due to V; and I.. The PDs are more visible in terms of their time and number.
Apparent charge can be calculated by [16]:

qa = AV.Cy, )

When the void increases either by increasing the height or the radius, the number of
PDs increases. Moreover, the number of PDs increases when the applied voltage increases.
The combination of the two insulation materials presents the lowest number of PDs, and
mica seems to achieve the best results, while ER presents the fewest number of PDs and
mica the maximum apparent charge, while ER the smallest.
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Figure 23. PD Activity for ER, 5 kV, h, r.
|
1000 — -
500
o 0 -
e
5
2 500 — -
g
-1000
-1600 — —
-2000 — —
| | | | | | |
0 0.002 0.004 0,006 0.008 0.01 0012 0.014 a.016 0018 .02
Time (sec)

Figure 24. PD Activity for ER,5kV, h, 2.
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Figure 25. PD Activity for ER,5kV, 2 h, r.
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Figure 26. PD Activity for Mica, 5 kV, h, r.
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Figure 27. PD Activity for Mica, 10 kV, h, r.

Voltage (V)

-1000

-2000

-3000

1000 —

4000 — | | I | | I |

0 0.002 0.004 006 0.008 .01 0.012 0.014 G016 0.018 0.02
Time (sec)

Figure 28. PD Activity for Mica, 15kV, h, r.
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Figure 29. PD Activity for Combination, 5kV, h, r.
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4. Discussion

The first PD model is the classic model created by Gemant and Philipoff, where three
capacitances are used for representing the test object and a quite simple MI for detecting
PDs. In the second model, three active spark resistances are connected in parallel with the
three capacitances in order to more realistically represent the insulation material, while
the Ml is the same. A different approach to the PD activity is presented in the third model.
V. and I, were used in order to calculate the number of PD pulses as well as the apparent
charge and the true charge. Finally, the implementation of a breaker, operating according to
certain conditions, was very important in order for the whole system to act more realistically.
In addition, this model is characterized as an advanced PD model since the rate of signal
decay and the moments of ignition and extinction of the spark are taken into consideration
for studying PD activity [19-21].

As shown above, the authors decided to use the same applied voltages, void geome-
tries, and insulation materials (ER, mica, and a combination of these two) in order for the
results to be comparable. The above results apply to all simulations of each model used in
the present study.

First of all, in most simulations, especially in the first two models, it is noted that when
the applied voltage increases, the PD activity and the voltage amplitude of the PDs increase.
The following Figure 32 presents some results from simulations of the third model with the
same simulation parameters and different applied voltages, where it is obvious that when
the voltage is 15 kV the number of PDs is greater than the number for 10 kV or 5 kV.

14
12
8 10
a
% 8
5 ——5kV
o 6
E 10 kV
2 4
15 kV
2
o & & &

Epoxy Resin Mica Combination

Type of Insulation

Figure 32. Number of PDs for the different insulation materials.

Additionally, by increasing either the height or the radius of the void, the PD activity
is directly increased in all models. More specifically, the number of PDs in the ER and mica
simulations increase more when the radius increases rather than when the height increases.
The combination of the two materials presents the greatest number of PDs when the height
increases. In most simulations, the PD activity increases more when the height of the void
doubles rather than when the radius doubles.
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Insulation materials play a vital role in PD activity. ER, mica, and the combination
of these two materials were investigated. First of all, as we can see in Figures 33 and 34,
in most simulations ER seems to present the largest PD amplitude, while the lowest is
presented by mica. In most simulations, the lowest number of PDs is observed for the
combination of the two materials. This is an important reason why it is preferred that the
insulation system of many EMs, and especially SGs, is a combination of mica and ER. It is
important to note that the following figures were created using data from simulations with
the same parameters.
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Figure 33. Maximum amplitude of PD for the 1st model for ER (a), mica (b), and combination (c).
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Figure 34. Maximum amplitude of PD for the 2nd model for ER (a), mica (b), and combination (c).

The results of the third model are quite different compared to these of the first two
models, and they can be used for more direct conclusions. The difference in the simulation
results is due to the use of V. and I. and the breaker. The number of PDs is more obvious
in these figures. In most simulations, when the geometry characteristics of the void inside
the insulation system increase, the number of PDs increases as well. Moreover, the increase
in the height leads to more PDs than does the increase in the radius of the void.

The results of the third model can be used for calculating the apparent charge, as
mentioned before. The following Figure 35 shows that, when the radius increases, the
apparent charge increases more compared to the simulations where the height increases.
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Figure 35. Apparent Charge for the Different Insulation Materials.
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5. Conclusions

PDs are both a symptom of and a means for detecting the condition of the insulation
of an EM, and that is why its measurement is very important. In this study, three different
PD models were created and examined. The models are based on classic capacitive models
and are mostly related to the Townsend mechanism, while Pedersen’s model is related
to the streamer mechanism. The authors chose to create these three models in order to
investigate how the integration of the resistances and the use of the voltage on the air
cavity (V) and PD current () affects the PD activity. Three different insulation materials
(ER, mica, and the combination of these two materials), which are used the most in EM
insulation systems, were studied due to having a significant enclosed void. The PD models
studied in this manuscript, in order to examine PD activity in electrical machines, were
adjusted by creating the test object and the enclosed void according to real conditions that
could exist in a real electrical machine. The geometry of the void was changed either by
increasing the height or the radius. In addition, three applied voltages were used. All
the aforementioned factors were used in order to examine how the insulation materials
were affected. The greater the applied voltage and the void’s volume, the greater the PD
activity and the number of PDs. Moreover, the insulation material that seems to have better
behavior is the combination ER-mica, since it presents a reduction in the number of PDs in
most of the simulations.

Different geometries of the void, applied voltages, and PD models can be used to
extend this study, as well as the enhancement of these simulations with real experiments or
data from real industrial EMs. Furthermore, these models can be used in order to create
phase-resolved partial discharge (PRPD) diagrams, which in turn can be used as inputs for
neural networks or other artificial intelligence (AI) models where, in combination with other
results from different diagnostic techniques, such as insulation resistance (IR)/polarization
index (PI) tests and power factor (PF)/dissipation factor (DF)/capacitance (C) tests, could
create a more accurate predictive model for the condition of an EM. The future work of the
authors will be aimed in this direction.
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