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Abstract: The article presents a new method of counteracting shaft voltages and currents in AC
electrical machines. It is based on the use of an auxiliary winding located in the stator of the machine.
The design of a test stand adapted to the measurement of shaft voltages of the machine, based
on the prototype of a synchronous machine with permanent magnets, has been presented. The
model was used to conduct a number of laboratory tests aimed at confirming the functionality
of the auxiliary winding in various operating states of the machine (including no-load and load
condition during generator operation). The article focuses on demonstrating the beneficial effect
of the auxiliary winding on the level of induced shaft voltages in an electric machine. In order
to confirm the close dependence of the circular flux in the stator yoke on the shaft voltage, shaft
voltage measurement results for various cases of external power supply of auxiliary winding forcing
a circular flux are presented. Regardless of the laboratory tests, a simulation model of a synchronous
machine with permanent magnets, on which calculations were carried out to analyze the work of
the auxiliary winding located in the stator yoke, was developed. The article is supplemented by a
review of damage to electrical machines with a detailed description of bearing defects, as well as
a brief de-scription of issues related to the mechanism of generating shaft voltages and currents in
electrical machines and methods of counteracting them.
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1. Introduction

Electric machines operating based on the principle of electromagnetic induction
constitute the widest class of electromechanical transducers and currently occupy a leading
position among all technical devices.

The development of electrical machines dates back to the 19th century. Owing to the
inventions of Nicola Tesla, Galileo Ferraris and, in particular, Mikhail Dolivo-Dobrovolski,
the first designs of 3-phase electric machines were created at the end of the 19th century [1].
At the turn of the 19th and 20th centuries, the general concept and construction of alter-
nating current machines was formed. The subsequent years provided a large number of
scientific and technical studies in the field of theory, design optimization or operational
properties etc. of electrical machines [2—4]. With the development of industry and the use
of ever new construction materials, electrical machines found more and more applications
in, among others, pump and fan drives, transport systems and traction. For over 10 years,
there has been a growing interest in electric motors used to drive electric [5] and hybrid
vehicles [6]. It is estimated that currently electric machines account for approximately 46%
of electricity consumption in the world [7].

The experience gathered over the decades of operation of electrical machines shows
that their failure rate is systematically decreasing. This is due to, among others, the use
of: better insulation, better diagnostic methods [8] and improving the quality of service
during operation. It should be noted that the algorithms and control systems also have a
significant impact on the operational properties and reliability of the machine [9]. Despite
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this, the problem related to the failure rate of electrical machines still requires attention, as
evidenced by numerous works carried out in many research and development centers [10].
The most common failures of electrical machines include: [11]:

Degradation of the main and turn-to-turn insulation of the stator winding.

Rotor failures (e.g., broken rotor bars in an induction machine, demagnetization of
rotor permanent magnets).

Bearing damages.

Shaft breakage or damage to the couplings.

The percentage share of the above types of damage on the example of induction
machines is shown in Figure 1 [12].

Windings
21%

Bearings Squirrel cage
69% 7%
Shaft
3%

Figure 1. Percentage distribution of failure occurrence in induction machines.

The above pie diagram shows that the vast majority of failures in electrical machines
relate to bearings. In view of the above, the issue of their damage is a timely issue.

Bearings are machine structural elements that enable rotor rotation with low me-
chanical losses. They are subjected to an intensive wear process. Even though the cost of
the bearings is low, compared to the cost of the electric machine, their damage generates
additional economic losses due to the shutdown of the machine for overhaul. Bearing
failures occur in the ball, roller and plain bearings and may concern: external and internal
raceways, as well as rolling elements and a cage. Additionally, due to the flowing bearing
current, the journals of the connected shafts are often damaged [13].

It should be noticed that in the available literature there are solutions for bearingless
electrical machine constructions, in which there are no standard wear problems (friction,
lubrication, bearing currents, etc.). However, such a solution requires the use of advanced
control algorithms [14,15].

1.1. Causes of Bearing Failures

The main causes of damage to rolling elements, raceways of bearings and journals
of connected shafts include thermal and mechanical damages as well as damages due to
flow of bearing currents. The tendency to suffer thermal and mechanical damage results,
among others, from [11]:

Small play in bearings.

Insufficient lubrication or incorrectly selected lubricant.

Vibrations resulting from rotor unbalance, excessive play, journal eccentricity, etc.
Asymmetry in the air gap of the machine contributing to uneven magnetic pull or
incorrect centering of the motor and driven machine.

Each of the above sources of bearing damage is characterized by different marks on the
inner and outer raceways and on the rolling elements. The nature of these failures and the
description of their causes have been widely described both in the materials provided by
the manufacturers of rolling bearings [16-19] as well as in publications [20,21]. The effect
of using a bearing with an unsatisfactory technical condition may be flaking, scratches,
abrasions and cracks on the surface of the raceway and rolling elements. A detailed
inspection of these surfaces after dismantling the bearing makes it possible to analyze the
potential causes of damage. Particular attention should be paid to the operating path of the
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(a)

shaft journal (c).

bearing (ball and roller). On its basis it is possible to determine the bearing load conditions
resulting from assembly and operation. Discoloration and corrosion effects can also be a
source of knowledge about the operating parameters of the bearing.

Other sources of bearing failures are the currents that flow through them. These
currents significantly reduce the failure-free operation of the machine. Particular attention
should be paid to this phenomenon in drive systems, which require high operational
reliability. Visual inspection of the rolling bearing elements confirms that in many cases
there are visible traces of bearing current flow (Figure 2). Damage resulting from the
flowing bearing current most often takes the form of pits or burns on the surfaces of
the bearing raceways and rolling elements [20]. They can assume characteristic shapes
in a straight, zigzag line and also accumulate pointwise forming craters. The intensity
of this damage depends on the density of the flowing current and the duration of its
operation. It should be added that bearing currents can flow not only through the bearings
of the electrical machine, but also through conductive couplings connecting two machines,
contributing to the damage of the shaft journals. This is related to the change in the bearing
current flow path, which is conditioned by the architecture of the electric connections of
the drive unit (power cables, grounding, equipotential bonding, etc.). The current can
flow through the shaft and the conductive coupling to the machine and close through its
bearing to ground back to the machine and flow through the bearing back to the shaft.
As a result of this current flow, traces of electro-corrosion may appear on the shaft and
the coupling, leading to their damage. Figure 2c shows examples of electro-corrosion
marks of the electric machine shaft journal, which appear in the form of dark marks on the
shaft surface.

(b)

Figure 2. Damage to the electric machine caused by the flow of shaft current: bearing ball (a) inner bearing race (b) and

The flow of the bearing current causes damage that entails serious threats to the
proper operation of the drive system, contributing to the damage of the bearings, shafts
and couplings, often leading to a failure that requires a new stator and rotor winding.

The phenomenon of generating shaft voltages and currents in rotating electric ma-
chines was observed at the beginning of the 20th century. One of the first works that
addressed the issue of this phenomenon dates back to 1923 [22]. It showed—similarly as
the subsequent publications [23-25], that one of the causes of induction of the shaft voltage
is the asymmetry of the magnetic field in the electromagnetic circuit of the machine. Such
asymmetry may stem from many factors:

Rotor eccentricity (circumferential irregularity of the air gap or arc bending of the shaft).
Asymmetry caused by a short circuit of the stator core or rotor sheets.
Non-uniformly magnetized permanent magnets placed in the electromagnetic circuit.
Anisotropy of the sheets forming an electromagnetic circuit.

Turn-to-turn short-circuits in stator or rotor windings.

Cracks in the bars or end rings of the rotor cage.
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o Differences in the magnetic conductivity of individual segments of the electromagnetic
circuit.
Unbalanced feeding of the machine stator windings.
Asymmetrical arrangement of ventilation ducts in the electromagnetic circuit.

Some of the above-mentioned factors may manifest themselves already at the stage of
machine production, as a consequence of the tolerance chain and production inaccuracies
and material properties, as well as during operation, e.g., in the case of rotor damage.

An example of the asymmetry of the magnetic flux in a machine is shown in Figure 3.
The cross-section of a 4-pole synchronous machine with permanent magnets placed on the
rotor presents the flow path of the main flux of the machine ®r,, which closes through the
stator yoke, stator teeth, air gap, magnets placed on the rotor and the rotor yoke. In the case
of perfect symmetry of the machine’s electromagnetic circuit, each of the fluxes enclosing
one pole of the stator yoke has the same distribution of the magnetic field force lines. If, for
any of the above-mentioned reasons, the electromagnetic field in the magnetic circuit is
asymmetrical, then the resultant circular flux @ing will flow in the stator yoke [26]. This
flux does not take part in the torque conversion, but it is the source of the electromotive
force at the ends of the machine shaft, further on referred to as the shaft voltage.

Figure 3. A circular flux @i, in the stator yoke of a permanent magnet synchronous machine.

Due to the induced potential difference, a shaft current can flow between the machine
shaft ends. The shaft voltage and an example of the shaft current flow path are presented
in the simplified section of the machine in Figure 4. The shaft current may close through
the shaft, bearings, endshields and frame. The phenomenon of shaft currents occurs in
practically every type of an electric machine, also in synchronous machines excited by
permanent magnets [27]. They are most often found in high-power electrical machines,
especially in dynamic states, e.g., during heavy start-ups [28].
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Figure 4. Shaft voltage 1y, and shaft current ig, on a cross-section of an electric machine.

1.2. Selected Methods of Counteracting Bearing Currents

In order to protect the rolling bearings against the destructive effects of the bearing
currents, measures should be taken to prevent the flow of the bearing current or limit the
shaft voltage. Over the years, a number of solutions have been developed to reduce the
phenomenon of the shaft voltages and the bearing currents. The development of technology,
diagnostic methods as well as the experience gained in practice have contributed to the
development of various strategies to counteract these phenomena. These, in turn, can be
categorized into the following:

Elimination or limitation of the source of the shaft voltage.
Hindering the flow of the bearing current by increasing the impedance of the path
through which the current can flow.

e  Controlled flow of the bearing current, limiting the risk of damage to the components
of the drive system, in particular the bearings.

In the case of electrical machines powered from AC mains, the key aspect that affects
the level of the shaft voltage is the symmetry of the electromagnetic circuit [29]. Therefore,
already at the design stage, it is crucial to evenly distribute the electromagnetic circuit of
the stator and rotor windings, ventilation ducts and other elements that may cause flux
asymmetry. In the case of high-power machines, an important aspect is to ensure even
segmentation of the sheets [22]. Despite this, imperfections of technological processes, the
tolerance chain as well as the asymmetries of the electromagnetic circuit that occurred
during operation (e.g., damage to the asynchronous rotor cage, thermal demagnetization
of the rotor permanent magnets, turn short-circuits in the stator windings, etc.) may cause
the flow of shaft currents.

One of the most frequently used methods of limiting bearing currents in electrical
machines is to increase the impedance of possible paths of their flow through the use of
bearing insulation. The dielectric properties of the bearing are achieved, among others,
owing to the use of rolling elements and raceways made of ceramic materials [16] or
through the use of thermally cured aluminum oxide coatings (Al,O3) [30]. It is worth
noting that the path of the shaft current flow does not have to be limited exclusively to
one variant shown in Figure 5. The complexity of the structure, especially in the case
of dedicated, specialized drive systems, often coupled with mechanical transmissions,
characterized by many bearing assemblies, leads to multi-variant paths through which
the shaft current may close. Alternative solutions include the ones aimed at shunting the
bearing current, thus increasing the durability and reliability of the bearing.

If the shaft voltage source is the shaft residual magnetism [25,31] the shaft should
be demagnetized. One of the methods would be to use a dedicated coil wound around
the shaft. In this case, the flow of alternating current of smaller and smaller amplitude
demagnetizes the shaft in accordance with gradually decreasing hysteresis loop. As a
result, the residual magnetism is reduced.
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Figure 5. Electromagnetic circuit of a permanent magnet synchronous machine with an auxiliary
winding wound around the yoke: 1. main winding, 2. auxiliary winding, 3. stator core, 4. permanent

magnet rotor.

2. The Idea of an Auxiliary Winding in an Electric Machine

The authors of the article suggest using an auxiliary toroidal winding to eliminate
shaft currents in an AC electric machine. The method of minimizing bearing currents
presented in the article is new, and its undoubted advantage, unlike the solutions used so
far, is the lack of the need to use additional peripheral devices, because the cause of shaft
voltage generation is eliminated by the machine structure.

The auxiliary winding is wound around the stator yoke—the sides of the individual
winding coils lie at the bottom of the stator slots, the other sides in small depressions on
the outer surface of the stator core. This winding is illustrated in Figure 5.

The individual winding coils of the auxiliary winding are connected in a series with
one another (keeping the same winding direction)—the layout of the winding connections
is shown in Figure 6. A characteristic feature is the equal number of turns in all coils of
the auxiliary winding. The number of auxiliary winding coils is equal to the number of
slots in the stator core. In each coil of the auxiliary winding, a voltage is induced due to
the change in time of the flux associated with it (passing through the yoke in the plane of
the coil). According to the Equation (1), the voltage at the terminals of the entire auxiliary
winding is equal to the sum of the instantaneous voltages induced in individual coils.

q
Uaux = Z Uaux(q) 1
i=0
° Laux(l) o Laux(Z) o Laux(S)

~—— ~—
uaux(q) uaux(4)

Figure 6. Diagram of the auxiliary winding connection: Layux(1), Laux() - - - » Laux(q)—self-inductance
of g-th auxiliary winding coil, t5,x(;)—Vvoltage induced in the nth coil of the auxiliary winding,
Uaux—auxiliary winding voltage, g—number of auxiliary winding coils, it is equal to number of
stator slots.

In the auxiliary winding constructed in such a way, in the case of symmetrical distri-
bution of the magnetic flux in the electromagnetic circuit of the machine, the sum of the
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instantaneous voltages induced in individual coils at the terminals of this winding will
be equal to zero (1). The star of the voltages of the auxiliary winding coils is shown in
Figure 7. A 4-pole electric machine with 36 slots of the stator is used as an example. Due to
the number of pole pairs (p = 2), the diagram has been limited to 18 voltage vectors—for
the remaining slots (19-36) star of the voltages has an identical shape. In the case of a
symmetrical distribution of the main flux in the electromagnetic circuit of the machine, the
induced voltages in all coils are characterized by the same amplitude and phase shift de-
pending on the slot pitch and the number of pole pairs. However, in the case of asymmetry
of the magnetic field distribution, the voltage at the terminals of the auxiliary winding will
be non-zero. After the auxiliary winding terminals are short-circuited, a current will flow
in the closed circuit of this winding, which will generate a magnetic flux in the stator yoke
directed opposite to the circular flux ®ying. In this way, the circular flux will be suppressed,
limiting the phenomenon of shaft voltage/current generation. The idea of using such a
winding was also described in the authors’ earlier publication [32].

uaux[G)

Uaix(5)
U, ux(4) U,k (8)
Uayx (3)

uaux(@]
uaux(Z]

uaux=0 Uaux(10)

uaux(l]

uaux(l 1)

uaux(lB)

u.
aux(17) uaux(lz]

uaux[l 3)
uaux[lSJuaUX[l‘l']

Figure 7. The star of the voltages of an individual coil of the auxiliary winding in the case of zero
circular flux in the stator yoke for a 4-pole machine (2p = 4) with the number of stator slots equal to

Qs = 36.

3. Machine Simulation Model and Calculation Results

As part of the work, a two-dimensional field-circuit simulation model of a synchronous
generator with permanent magnets with an auxiliary winding was developed. This model
was developed in the Maxwell environment included in the Ansys software. The geometric
dimensions, material properties and other design parameters of the model were determined
on the basis of the documentation of the prototype of the machine research model presented
in Chapter 4. The field part of the model is shown in Figure 8a, while the circuit part is
shown in Figure 8b.
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= phase U
= phase V
= phase W

= aux. winding

Main winding

_FEM model

. Loy . Lawz) o L

Uaux

A

(a) (b)

Figure 8. Simulation model of a permanent magnet synchronous machine with an auxiliary winding: field part (a) and

circuit part (b).

The arrangement of the auxiliary winding coils along the entire stator yoke and the
performed analysis of the asymmetry of the electromagnetic circuit in the form of an
uneven air gap result in the necessity to apply the full field model. When creating the finite
element mesh, special attention was paid to its density in the air gap and in the stator core.
The finite element mesh, shown in Figure 9, consists of 48,900 nodes. The simulation step
was At =1 ms.

Figure 9. Finite element mesh of the developed model.

Based on the simulation of the generator’s operation with the main winding terminals
open, the induced voltage waveforms in the individual coils of the auxiliary winding
were obtained, as shown in Figure 10. Similarly, as in the case of the voltage star shown
in Figure 7, the obtained waveforms were also limited to 18 coils. In the case of perfect
symmetry of the machine’s electromagnetic circuit, the induced voltages in all coils have
an identical shape with a phase shift resulting from the slot pitch and the number of pole
pairs. In this case, there is no potential difference at the terminals of the auxiliary winding
that consists of 36 coils connected in series, as shown in Figure 11.
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Figure 10. Waveforms of induced voltages in individual coils of the open auxiliary winding, cal-
culated using FEM in the case of the ideal symmetry of the electromagnetic circuit of the machine
operating at no-load conditions at the speed n = 1500 rpm.
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Figure 11. Waveform of the voltage induced on the terminals of the open auxiliary winding calculated
using FEM in the case of the ideal symmetry of the electromagnetic circuit of the machine operating

at no-load condition at the speed n = 1500 rpm.

The second analyzed case is the introduction of air gap asymmetry in the simulation
model. The simulations were carried out for static eccentricity based on shifting the stator
axis in relation to the rotor rotation axis. Figure 12 shows the static eccentricity adopted
for the tests. The shift was half the thickness of the air gap, which corresponds to the
eccentricity factor:

€0, = 2100 — 50% )

where: d—average thickness of the air gap between the stator and the magnet glued onto
the rotor surface.

@ - stator axis
@ - rotor axis
@ - rotor axis of rotation

Figure 12. Static eccentricity of the machine.
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Figure 13 shows the results of calculations of the voltage waveforms induced in
individual coils of the auxiliary winding of the machine operating at no-load condition at
the speed n = 1500 rpm, and Figure 14 shows the voltage being the sum of the instantaneous
values of induced voltages and its harmonic spectrum.

40 T r . ‘
TRy R
20 / ,// \\ \ / // / \\\\ L uaux[l]
>- ///’/ \\\ ///’/ \ \\ 2 uaux(z]
= 0 Y AMVAL L\ / MAMU 3.y
e VT TTYY YV e

: uaux(4]

=\ //‘/‘ﬂ ' \\ WA | ‘k\\ \—*
-20 \4/:« {/,/.// \\\ W\ / / / / \\\': Yaux(s)™ “aux(36)

-40 : : :
0 0.01 0.02 0.03 0.04

Figure 13. Waveforms of induced voltages in individual coils of an open auxiliary winding calculated
using FEM in the case of static eccentricity of the machine working at no-load conditions at the
rotational speed n = 1500 rpm.

40 T T 14 T T T r
12 1
201 1 10k |
> >\ 8t ]
E of X

s° =% 6 |
-20 | 4r i
2r 1

_40 ! ! ‘ 0 . | ! I |

0 0.01 0.02 0.03 0.04 0 200 400 600 800 1000
t,s f,Hz
(a) (b)

Figure 14. The waveform of the voltage induced on the open auxiliary winding terminals (a) and its harmonic spectrum (b)

calculated using FEM in the case of static eccentricity of the machine operating at no-load conditions at the rotational speed

n =1500 rpm.

Based on the above calculation results, it can be concluded that the asymmetry of the
air gap is the cause of differences in the induced voltages in individual coils of the auxiliary
winding, which leads to the occurrence of the voltage at the terminals of the auxiliary
winding. The voltages with the highest amplitude are induced in the coils where the air
gap is minimal, while in the area where the greatest thickness of the gap occurs, voltages
with the smallest amplitude are observed. The harmonic analysis of the voltage induced on
the auxiliary winding terminals shows that the dominant value is the harmonic with the
frequency f = 50 Hz. Another dominant harmonic is the slot harmonic with the frequency
f=900Hz.

4. Research Model

In order to confirm the functionality of the auxiliary winding, a test stand was built at
the Institute of Electric Drives and Machines KOMEL. The main element of this stand is a
prototype of a synchronous machine with permanent magnets. The basic rating and design
data are included in Table 1. A fragment of the stator with a visible auxiliary winding is
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shown in Figure 15a, and the rotor is presented in Figure 15b. The sides of the individual
auxiliary winding coils are located at the bottom of the main slots and in the slots on
the outer surface of the stator core. All coils of the winding were connected in a series
aiding arrangement, and the ends of the winding were placed in the terminal box. In
the remaining part of the stator slots a three-phase one-layer main winding into a star
arrangement is placed.

Table 1. Basic rating and design data of the prototype of the tested machine.

Parameter Symbol Value
Shaft height H 132 mm
Number of poles 2p 4
Number of stator phases m 3
Rated power SN 72kV A
Rated voltage Uy 3 x 400V
Rated frequency N 50 Hz
Number of stator slots Qs 36

Auxiliary

@ (b)

Figure 15. View of the research model: fragment of the stator with the auxiliary winding marked (a)
rotor with permanent magnets (b).

Neodymium magnets forming 4 magnetic poles were glued to the outer surface of the
rotor. There are 3 magnets for each pole, angularly shifted to each other, creating a skew
corresponding to one stator slot pitch. The magnets were secured against detachment due
to centrifugal force.

The structure of the test stand is shown in Figure 16. The research model—a syn-
chronous machine with permanent magnets was placed on the assembly frame and coupled
with a DC drive machine through a coupling with an insulating polyurethane spider. In
this way, mechanical coupling of the machines ensures, apart from galvanic isolation,
minimization of vibrations and compensation of misalignment of the connected journals.
The non-drive bearing end-shield, the ventilator and its cover have been removed. The
bearing assembly was created using a self-aligning bearing in the housing. This bearing
was isolated from the rest of the test stand using a dielectric base. This solution made it
possible to measure the actual shaft voltage, not shunted by the bearing plates and the
frame. This modification is a significant difference to the research model presented in the
earlier article [32].
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Figure 16. Construction of the test stand: 1. permanent magnet synchronous generator (research ob-
ject), 2. pillow block ball bearing unit, 3. electrical insulating base, 4. auxiliary machine, 5. torsionally
flexible jaw coupling with polyurethane spider.

The connection diagram of the stator main and auxiliary windings is presented in
Figure 17. The three-phase star-connected stator winding (U-V-W) is connected to a
regulated AC voltage source (111, U1, #13) at mains frequency via a three-pole contactor
(K1). In turn, the auxiliary winding (X1-X2) is connected to the double-pole switch (K2)
which allows it to be short-circuited. A high-class oscilloscope (Tektronix MDO 3034) and
probes: voltage (Tektronix P5205) and current (Tektronix: P5205 and TCP0150) were used
for the measurements. The probe settings were detected automatically by the oscilloscope.

u
U2 Y . U1 \Kl Uy

u

K2
X2 — e X1 ] faux
O

Figure 17. Connection diagram of the stator main winding and auxiliary winding.

5. Research on a Laboratory Model

The research and measurement program was designed in such a way that, using
the available measuring equipment and other auxiliary devices, it was possible to draw
conclusions about the usefulness of the auxiliary winding and its influence on the levels of
shaft voltages induced along the shaft of the machine.

At the beginning, tests were carried out to determine the effect of the circular flux
flowing in the stator yoke on the shaft voltage of the machine. To that end, the auxil-
iary winding was supplied from a regulated AC voltage source uex with a frequency of
f =50 Hz, as shown in Figure 18. The first variant of the measurements concerned the
case of a stationary rotor and an open main winding. The voltage uaux and current i5,x of
auxiliary winding and the voltage between the journals of the shaft uy, were acquired. The
current waveforms of the auxiliary winding i,ux and the shaft voltage ug, are shown in
Figure 19. The flow of current through the auxiliary winding produces a magnetic flux that
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closes in a circle along the stator yoke. This flux is the source of the potential difference
along the shaft. The frequencies of the shaft voltage and the current producing the flux are
the same. The measurement results for various values of the voltage supplying the auxiliary
winding are presented in Figure 20. They show that within the range of the measurements
carried out, the tested electromagnetic circuit has an almost linear characteristic. Even a
slight forcing of a circular flux results in the induction of the shaft voltage.

K2 .
o~ — X1 Iqux

Figure 18. Schematic diagram of the auxiliary winding power supply from an external AC
voltage source.

0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
t,s t,s
@) (b)
Figure 19. Current flowing in the auxiliary winding iaux (a) and the shaft voltage ugy, (b) in the case of a stopped rotor (1 = 0).
1200 80
1000 1
60
800
< >
g =
% 600 = a0}
. ="
400
20 1
200
0 ; g g 5 : g 0 ; ; ; : 5 y
0 10 20 30 40 50 60 0 10 20 30 40 50 60
)V u .,V
aux aux
(@) (b)

Figure 20. Auxiliary winding current (a) and shaft voltage (b) characteristics.

In the second part of research, the rotor of the tested permanent magnet machine was
driven by an auxiliary machine to the synchronous speed n = 1500 rpm. The auxiliary
winding was supplied from an adjustable alternating voltage source with a frequency of
f =50 Hz, and then the shaft voltage waveforms were measured. The measurement results
are presented in Figure 21.
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Figure 21. Voltage waveforms between the shaft ends at synchronous speed for different values of
the current flowing in the auxiliary winding Iaux.

On the basis of the obtained measurement results, it appears that the circular flux
closing in the stator yoke is a direct source of voltage along the shaft of the machine. The
frequency of this voltage depends on the frequency of the circular flux changes, and its
value is proportional to the amplitude of the flux forced by the current flowing in the
auxiliary winding. Work at no-load with random rotational speed differs from the working
conditions in the steady state with the main flux that varies over time. This flux rotates
synchronously in the direction of rotation of the rotor and closes through the air gap, teeth,
stator yoke and rotor. The value of the flux density in individual parts of the stator varies
over time. In the analyzed case, the shaft voltage is induced by the resultant flux: coming
from both the powered auxiliary winding and the circular flux resulting from the tolerance
chain of the test object.

Subsequently, measurements were conducted in no-load condition of the machine
during the operation of the generator. Here, the measurements were limited to no-load
condition in order to become independent from the possible power or load unbalances. In
such an operating condition, the flux in the magnetic circuit comes only from permanent
magnets placed on the rotor. The tested synchronous machine was driven to a speed of
1500 rpm, and its three-phase stator winding was open. In this variant, the measurements
of the shaft voltage between the shaft journals were carried out with the auxiliary winding
open and closed. The waveforms and frequency spectra of the shaft voltage and induced
voltage in the open auxiliary winding are presented in Figures 22 and 23. There is a clear
analogy between the shaft voltage and the voltage in the auxiliary winding—it is shown
by, e.g., identical frequencies of dominant harmonics (50 Hz). The components with fre-
quencies equal to 900 Hz are caused by the number of slots in the machine stator winding.
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Figure 22. The waveform of the shaft voltage (a) and its amplitude spectrum (b) under no-load condition at the speed of

n = 1500 rpm.
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Figure 23. Waveform of the auxiliary voltage (a) and its amplitude spectrum (b) under no-load condition at the speed of

n = 1500 rpm.

Short-circuiting of the auxiliary winding via K2 switch significantly affects the value
of the shaft voltage. The shaft voltage waveforms for short-circuited and open-ended
auxiliary winding are shown in Figure 24. The values of the shaft voltage for various
rotational speeds of the generator are presented in Figure 25 and in a tabular form in
Table 2. For each rotational speed of the generator running at idle speed, a significant
reduction of the shaft voltage was observed after short-circuiting of the auxiliary winding.
The current flowing through the shorted auxiliary winding for frequencies above 20 Hz
practically does not change—it results from changes in the impedance of the auxiliary
winding, the main part of which is the inductive reactance.
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Figure 24. Shaft voltage waveforms with short-circuited and open auxiliary winding.
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Figure 25. Characteristics of the shaft voltage with shorted and open auxiliary winding.
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Table 2. Summary of measurement results for no-load condition.

Lo Open Auxiliary Short-Circuited
Rotation Speed #, rpm Winding Winding Auxiliary Winding
Voltage f, Hz
Uy, mV Uaux, V Uy, mV Tiux, mA
300 10 3.7 1.52 22 123
600 20 6.6 2.93 2.6 133
900 30 9.6 4.45 3.7 134
1200 40 12.1 5.88 44 134
1500 50 15.0 7.38 4.6 134

In order to investigate the influence of the auxiliary winding on the induced voltage
waveforms at the terminals of the main winding, measurements were carried out at the
rated rotational speed at no-load conditions with the auxiliary winding short-circuited
and open. Figure 26 shows the measured waveforms of phase voltages with the auxiliary
winding shorted and open. In order to increase the clarity, these waveforms are presented
for one stator phase. The presented waveforms show that the auxiliary winding short-
circuit practically does not affect the phase voltage waveforms and, consequently, does not
affect the main flux of the machine either.

400 T T T

200

Aux. winding: open
Aux. winding: shorted

-200

_400 1 1 1
0 0.01 0.02 0.03 0.04

t,s

Figure 26. Waveforms of induced voltages in no-load condition of the main winding phase for open
and shorted auxiliary winding (n = 1500 rpm).

The last stage of the tests was generator operation under load. The load of the
synchronous machine with permanent magnets was obtained by connecting the generator
to the grid. For this purpose, a regulated three-phase voltage source was used. After driving
the generator to synchronous speed and synchronizing the generator and network voltages,
the K1 contactor was closed, thus connecting the generator winding to the network. Due to
the lack of the excitation winding of the synchronous machine with permanent magnets,
the change of the machine loading conditions was carried out by simultaneously adjusting
the torque on the machine shaft and the voltage in the grid. Measurements were carried
out for operating conditions presented in the first column of Table 3.

The values of the shaft voltages and shaft currents for the tested operating conditions
are compared in Table 3. They show that the short-circuit of the auxiliary winding limits
the values of shaft voltages and currents by more than 3 times, both at idle and under
load. The short-circuit of the auxiliary winding does not affect the operating parameters
of the machine, and in particular its efficiency, because the active power consumed in the
short-circuited auxiliary winding does not exceed several hundred milliwatts.
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Table 3. Summary of measurement results for various operating states.
Shaft Voltage Uy, mV Shaft Current I, A
Auxiliary Winding Short-Circuited Aux. Auxiliary Winding Short-Circuited Aux.
Open Winding Open Winding
No-load:
f=50Hz 150 46 2.20 0.65
Load:
f=50Hz, P, =3.1kW 16.7 5.5 1.86 0.52
I=45A, cosp =0.99
Load:
f=50Hz, P, =2.3kW 17.8 6.0 2.00 0.40

I=45A,cosp =0.8

6. Conclusions

The presented method of limiting shaft voltages in AC electric machines using an
additional auxiliary winding in the stator is a new solution. The results of the measurements
carried out with the prototype of a synchronous machine with permanent magnets confirm
the beneficial effect of the use of the winding on the level of shaft voltage and shaft currents
in an electrical machine. This method has a large application potential that can positively
affect the reliability of drive systems with AC electric machines. The authors believe that the
proposed method can be used in high-power drive systems supplied directly from mains
voltage, also for economic reasons. The implementation of the described auxiliary winding
involves, among others, the development of additional construction documentation and
technological processes related to the winding and insulation of this winding. This solution
also requires the use of an iron core with a modified shape.

Based on the measurements, the direct dependence of voltage induced between shaft
ends on magnetic flux closing in the stator yoke has been shown. The voltage induced
at the auxiliary winding terminals is directly proportional to the number of turns of the
auxiliary winding. The voltage at the terminals of the open auxiliary winding obtained
during the measurements proves the presence of a circular flux. Even though the research
object was not intentionally asymmetrical (asymmetry related to its electromagnetic circuit),
such asymmetry appeared as a result of manufacture of this model (total resultant material
and dimensional tolerance chain). It is worth noting that in the case of small-dimension
machines, it is not difficult to find small but significant deviations in execution. The
asymmetry of the flux in the electromagnetic circuit in the case of the research object may
be the result of the asymmetry of the air gap or the arrangement of magnets placed on the
rotor, which was confirmed on the basis of the simulations performed (Figures 14 and 23).

When analyzing the presented results of a series of measurements, it should also be
noted that the constructed model of the machine with permanent magnets was intended to
confirm the validity of the idea of using the auxiliary winding. Its dimensions were limited
to the small size of the frame. For this reason, the obtained shaft voltage values are clearly
lower than the level assumed as dangerous for the technical condition of the bearings.

The constructed test stand will be used for further measurements, e.g., to determine
the influence of the additional auxiliary winding in dynamic machine operating states. It
is also planned to manufacture special shields and bearing assemblies that enable precise
introduction of the variable thickness of the air gap between the stator and the rotor in a
controlled manner.

Additionally, there are plans to develop a three-dimensional field-circuit model of the
synchronous machine. Such tests will enable qualitative determination of the influence
of the auxiliary winding on the induced voltage waveforms with the eccentric position
of the rotor. In particular, there are plans to conduct tests for static eccentricity (the rotor
axis of rotation is shifted in relation to the stator axis) and dynamic eccentricity (the rotor
axis does not coincide with the axis of its rotation). It is also advisable to conduct research
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on the influence of various machine design solutions, such as changing the dimensions
and shape of the stator slots, the skew of the permanent magnets on the waveforms of the
machine shaft voltages.
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