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Knroyoei cnoea: yacmomHi xapakmepucmuKu, MiXX8UmKosa i30a4yis, 6a2amosumkosi KomywkKu, 8uxposi

cmpymu.

Introduction. Pulse width modulated electric drives, static
power converters and asynchronous generators are widely
used in various industries due to their suitable characteris-
tics and application flexibility [1, 2]. The effects of high-fre-
guency voltage components introduced by the pulse-width
modulation method are usually not taken into account
when analyzing the electromechanical characteristics of a
generator. On the contrary, a high dV/dt applied to the gen-
erator introduces a small amount of high-frequency leak-
age currents through the dissipated distributed capaci-
tance between the stator winding and the generator hous-
ing. Since the generator housing is usually connected to
earth using a grounding circuit, high frequency leakage cur-
rents present in the electrical network can cause electro-
magnetic interference [3].

The high-frequency model proposed in this paper is based
on lumped parameters and is related to the classical model
of quantitative generator data; it is accurate in the fre-
qguency range from several hertz to several megahertz. This
type of model avoids the use of distributed parameters and
is therefore suitable for circuit simulation. High-frequency
phenomena include two main capacitive effects associated
with: capacitance between the winding and ground; inter-
turn capacitance of the winding. In this work, by means of
circuit simulation in specialized software [4], acceptable re-
sults were obtained.

Object of research

The object of the study is an autonomous gasoline generator
with a capacity of 3.8 kV-A. Structurally, the power electrical
installation is a synchronous clear-pole generator with elec-
tromagnetic excitation. The parameters of the studied gen-
erator and its winding data are given in the Table. 1.

Table 1. Parameters of studied synchronous generator
Table 1. Parameters of studied synchronous generator

Ne | Parameter Value
1 |Full rated power, kV-A 3.8

2 | Nominal line voltage, V 380.0
3 | Nominal phase current, A 5.75

4 | Number of phases, connection diagram 3/Y

5 | The number of turns in the coil 17

6 | Diameter of the winding wire, mm 1.0-3
7 | Number of parallel branches 1

8 | Step of winding along the grooves 17;15; 13
9 | Outer diameter of stator boring, mm 225.0
10 | The inner diameter of the stator bore, mm 145.0
11 | Active length of the stator magnetic core, mm | 80.0
12 | The number of stator slots 36

13 | Stator winding insulation class F

14 | The size of the air gap, mm 0.5

15 | Stator winding weight, kg 4.1

Methods of research

It is obvious that both of the above capacitances are in fact
distributed, but as mentioned earlier, the proposed ap-
proach is based on lumped parameters [5]. Fig. 1 shows a
phase high frequency substitution scheme.
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Fig. 1. — Equivalent circuit with lumped parameters

On Fig. 1: Rec — resistance of eddy currents; R — phase re-
sistance of the stator and rotor; L — inductance; K is the lon-
gitudinal capacitance representing the inter-turn distrib-
uted capacitance; C is the transverse capacitance, which
represents the distributed capacitive pairs between the
winding and the ground; G is the conductivity, which repre-
sents the eddy currents inside the magnetic circuit and the
housing.

The parallel connection of the equivalent circuit elements L
and K, as well as Cand G, are generally accepted and do not
need additional explanations. Parallel rather than series
connection of elements L i r follows from simple physical
considerations. The eddy currents induced in the steel
sheets of the stator and rotor are, as it were, the secondary
currents of the transformer. As is known, it is convenient to
represent the equivalent circuit of a transformer as a paral-
lel connection of the reactance corresponding to the pri-
mary winding and the loading resistance representing the
secondary winding [6].

It is important to emphasize that the quantities must be
considered as values relating to the star connected phase.
The winding up to the distributed capacitance was repre-
sented by two combined capacitances of the same value,
the first of which was connected between the phase termi-
nal and ground, and the second between the generator
neutral and ground. A star connection of the generator is
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envisaged, but the delta connection of the generator does
not invalidate the model justification.

Phase resistance R and phase inductance L at 50/60 Hz ob-
tained from closed-loop tests. As the results of the experi-
ment showed, the generator response quickly fades over
time. The typical resistance values R are too low to explain
the observed damping [7].

An analysis of the physical phenomenon leads to the as-
sumption that the damping factor is associated with the fact
of energy dissipation at high-frequency eddy currents. As a
consequence, the resistance R, which represents eddy cur-
rents, must be connected in parallel with the leakage induct-
ance. To characterize the generator in the high frequency
range, it is possible to assess the frequency response of the
two impedances given in Fig. 2, a and Fig. 2, b.

b) B

%

{

Fig. 2 — Connections for measuring impedance: a) Zwg; b) Zun

The impedance Z, is the result of a measurement between
three phases connected together with the generator neu-
tral, with a floating earth (Fig. 2, a). The impedance Zyg is
the result of the measurement between the generator
three phases connected together and the earth terminal,
with the generator floating neutral (Fig. 2, b).

In the considered frequency range, the phase resistance R
is much less than the inductance L [8]. In the following rea-
soning, the stator resistance can be neglected. Circuit

impedances in Fig. 2, a and Fig. 2, b can be easily evaluated
by simulation in various circuit simulation applications [4].
Below are the simulation diagrams (refer to Fig. 3).

The evaluation of the parameters used in the substitution
scheme was calculated from the frequency characteristics
taken on the generator.
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Fig. 3 — Electrical circuits for simulation: a) impedance Zyg;
b) impedance Z,,
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Fig. 4 — Experimental results for the frequency response of the impedance Z,.

58



BigHoBntoBaHa eHepreTuKka. Ne4/2022 | BiTpoeHepreTuka

200000

180000

160000
140000

120000

100000
80000

[ I\

[ |\
/-
/

Impedance Z

60000

40000

20000

0 } } — }
1000 10000

100000 1000000

Frequency f

Fig. 5 — Experimental results for the frequency response of the impedance Zy.

A comparison between experimental and simulation re-
sults is shown below. Fig. 4 and Fig. 5 show the experimen-
tally measured frequency responses. Fig. 6 and Fig. 7 show
the frequency response simulation results.

Defect detection

The reliability problem of inter-turn insulation of electrical
machine windings is relevant and demands the creation of
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Fig. 6 — Simulation results for frequency response of the
impedance Z,.

tools and equipment for diagnosing windings, in particular,
this applies to windings of electrical machines with a large
number of turns, in which the detection of one or more
short-circuited turns is a difficult task and requires the cre-
ation and use of sensitive equipment [2].

An analysis of the sensitivity to turn-to-turn short circuits
and the reliability of the control of inter-turn insulation of
various connection schemes for the asynchronous genera-
tor windings and known from the literature and developed
devices for monitoring the inter-turn insulation of the
windings of electrical machines shows that the most

effective methods and devices which are based on the com-
parison of the input active-inductive parameters of the
windings. The most sensitive to inter-turn short circuits are
bridge circuits for connecting windings to a test voltage
source with subsequent processing of the received diag-
nostic signal.

Based on the analysis of the effect of a short-circuited turn
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Fig. 7 — Simulation results for frequency response of the
impedance Z,y,.

on the active-inductive parameters of the phases of the
asynchronous generator windings, it was proposed that
short-circuited turns should be detected by changing the
quality factors of the phases

1L 1| L R
O=—i == 2 O,
RVC R\VLo L

since @ = 1/\/LC due to a short-circuited coil at the op-

timal frequency fon, corresponding to the greatest impact
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of a short-circuited turn on the active resistance of this
phase. At this frequency, the quality factor of the winding
has a maximum value, and the active losses in the winding
copper are equal to the active losses in steel [9].

In order to obtain maximum sensitivity to inter-turn short
circuits, two or three phases of the winding are connected
according to the bridge scheme to the circle of the self-os-
cillator (Fig. 8) and in series with the inductance L of each
of the phases, an additional capacitance C is connected
such that a resonant mode is created at the frequency fop:

fo= Lo =Y 2mLC |
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Fig. 8 — Proposed circuit diagram of the high frequency
phase

When connecting the windings of asynchronous generators
according to the bridge scheme in Fig. 9, the unbalance
voltage of the bridge Us; is affected by the technological
asymmetry of the phase parameters, and the main reason
for the asymmetry is the capacitive asymmetry, which is ex-
pressed in the difference between the interphase capaci-
tances between nodes 1-3 and 2-3. Capacitive asymmetry
in the windings of generators reaches up to 20% and is sys-
tematic [10]. Then, if the phase-to-phase capacitances be-
tween the above nodes in Fig. 9, a differ by AC (parameters
Rrand Lrare determined considering phase-to-phase capac-
itances in the absence of asymmetry) by equivalent trans-
formations at a frequency fo, it is possible to go from the
scheme in Fig. 10, a, to the scheme in Fig. 10, b, where
equivalent values for R and C:
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Fig. 10 — Substitution schemes for electrical machine wind-
ing: a) scheme with capacitive asymmetry; b) circuit equiv-
alent

Fig. 11 and Fig. 12 show graphs of impedance versus fre-
quency of the input voltage. Fig. 12 shows a graph of im-
pedance versus frequency when the generator is turned on
in an idle circuit, resonance is observed at a frequency of
72 kHz. In Fig. 12 the experiment was carried out with a de-
fect, one short-circuited turn, respectively, the resonance
is observed at a frequency of 78 kHz. The frequency differ-
ence between a winding without a defect and a winding
with a short-circuited turn is 6 kHz, which is a significant
value that is easy enough to fix using conventional equip-
ment. The input impedance at the resonant frequency in
the first case is 2892.71 Ohms, and in the second case
2447.67 Ohms, the relative difference between the values
is 18.2%, which is also quite easy to determine using con-
ventional devices.

The graphs depicted in Fig. 11, c and in Fig. 11, d also show
the dependence of the impedance on the frequency when
turned on at idle, but with a capacitance of 4700 pF con-
nected to the housing in order to shift the resonant fre-
qguency to lower frequency domain. In this case, the reso-
nant frequencies are 38 kHz for an experiment without a
defect (Fig. 11, c) and 40 kHz for an experiment with a de-
fect (Fig. 11, d) with one short-circuited turn. The frequency
difference between the winding without a defect and the
winding with a short-circuited turn is 2 kHz, which is not as
noticeable as in the above experiments. The input re-
sistance at the resonant frequency in the first case is
9358.766 Ohms, and in the second case 8838.835 Ohms

R+AR
R, L._J/ i
1 /\_)‘} L- QL’F\.\_\ 2

Fig. 9 — Compensation schemes for technological phase asymmetry
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=

Fig. 11 — Dependence plot Z(f) for the connection scheme at idle:

a) resonance at a 72,000 Hz frequency; b) with a defect (one turn is short-circuited), resonance at a 78,000 Hz frequency;
c¢) with an additional connection of a 4700 uF capacitance to the housing, resonance at a 38,000 Hz frequency; d) with an
additional connection of a 4700 uF capacitance to the housing and a defect (one turn is short-circuited), resonance at a
40,000 Hz frequency; e) with an additional connection of a 4700 uF capacitance in parallel to the phase, resonance at a
117,000 Hz frequency; e) with an additional connection of a 4700 uF capacitance in parallel with the phase and a defect
(one turn is short-circuited), resonance at a 120,000 Hz frequency

and the relative difference between the values is 5.9%.
Therefore, connecting a capacitance to the housing is not
useful for detecting defects in the winding.

Subsequent experiments were carried out to connect an
additional capacitance of 4700 pF in parallel with the gen-
erator phase, which made it possible to shift the resonant
frequency to higher frequency domain. For this case, the
resonant frequency is 117 kHz for an experiment without a
defect and 120 kHz for an experiment with a short-circuited
turn, the frequency difference is also small, as in the previ-
ous experiment, only 3 kHz. The input impedance at the
resonant frequency for an experiment without a defect is
1223.839 Ohm, and for an experiment with a short-cir-
cuited turn is 1178.511 Ohm, the relative difference be-
tween the values reaches 3.8%. According to literature
sources, it was established that at the frequency corre-
sponding to the maximum quality factor, the active re-
sistance of the winding is mainly determined by active
losses in copper, and at higher frequencies — by active
losses in the steel of the magnetic circuit. Further, it was
found that during inter-turn short circuit due to the current
in the short-circuited turn, the active losses in the copper
coils sharply increase, which leads to an increase in the to-
tal losses in the copper winding.

At the same time, due to the demagnetizing effect of the cur-
rent in the short-circuited turn, the flux of mutual induction
between the turn and the coil decreases, leading to a decrease
in inductance and active losses in the steel of the magnetic

core. The conducted studies on the change in the high-fre-
quency parameters of the winding in the presence of a short-
circuited turn in the coil of the asynchronous generator
showed that a decrease in inductance by 5% and an increase
in active losses in steel by 5% correspond to the calculation of
the high-frequency process shown in Fig. 12, b, d, e.

The use of frequency characteristics to control the insula-
tion of multi-turn coils of electrical machines is possible in
the following ways:

1) Setting the resonant frequency for the three phases of
the windings and comparing them with each other.

2) Setting the value of the input resistance of each phase
and also in comparing them with each other.

Technological asymmetry caused by underwinding or phase
overwinding leads to approximately the same change in
AR/R and AL/L. Therefore, by connecting additional capaci-
tances C; and C; and adjusting them according to the scheme
in Fig. 9, a it is possible to fully compensate the capacitive
asymmetry of the winding and only partially compensate ac-
tive-inductive asymmetry. Also, when connecting capaci-
tances according to the scheme in Fig. 9, b, the active-induc-
tive asymmetry can be compensated completely, the capac-
itive asymmetry can be partially compensated.

Based on the analysis of sensitivity to inter-turn short cir-
cuits and the reliability of control, it was found that devices
of the EL-I type are based on a comparison of two voltage
curves on the phases of the generator winding when it is
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Fig. 12 — Dependence plot Z(f) simulation results for the connection scheme at idle:
a) simulation results of the resonance at a 72,000 Hz frequency; b) with a defect (one turn is short-circuited), resonance
at a 78,000 Hz frequency; c) with an additional connection of a 4700 uF capacitance to the housing, resonance at a 38,000
Hz frequency; d) with an additional connection of a 4700 uF capacitance in parallel to the phase, resonance at a 117,000
Hz frequency; e) with an additional connection of a 4700 uF capacitance to the housing and a defect (one turn is short-
circuited), resonance at a 40,000 Hz frequency; e) with an additional connection of a 4700 uF capacitance in parallel with
the phase and a defect (one turn is short-circuited), resonance at a 120,000 Hz frequency.

switched according to the scheme in Fig. 13, a, are little sen-
sitive both to inter-turn short circuits and to the technolog-
ical asymmetry of the winding phases.
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In devices known from literature sources and based on the
bridge method for monitoring turn insulation of windings
by connecting resistors R in the bridge branch according to
Fig. 13, b and applying a pulsed voltage source, the mode
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Fig. 13 — Schemes for detecting a short-circuited turn
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for detecting inter-turn short circuits at the optimal fre-
qguency is not provided. Therefore, the sensitivity of these
devices to inter-turn short circuits is also low.

High sensitivity and reliability of turn insulation control to
the absence of metal turn-to-turn short circuits in almost
all windings of asynchronous generators are achieved in the
presented register of turn-to-turn faults RVZ-2 and in auto-
matic turn fault detection devices USKZV-5A, operating ac-
cording to the scheme in Fig. 13, c. In these installations,
operating in the self-oscillator mode, with the help of in-
ductance L and capacitance C, a resonant mode is created
at the optimal frequency fop.

Conclusions

The article proposes a high-frequency model for an induc-
tion generator based on lumped parameters. The results of
experimental and software simulations of different type
generators are in good agreement both in frequency and in
time parameters. The proposed high frequency model can
be added to the known dynamic model. It is possible to ob-
tain a complex model that allows the analysis of high-fre-
quency and low-frequency phenomena using standard
software.

Experiments have shown that resonant phenomena in the
absence and presence of a defect in the form of a short-
circuited turn in one of the three phases of the generator
winding affect differently when the resonant frequency is
shifted to the low-frequency domain from the common res-
onant frequency and when shifted to the high-frequency
domain, respectively. The input impedances of the phases
in the domain of frequencies below the common resonance
are greater in the absence of defects, and at frequencies
above the common resonance, it is less in the absence of
defects.
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