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Abstract

This diploma thesis is a study of the behavior of the dielectric properties of the pole insula-
tion of a permanent magnet synchronous axial flux motor having the yokeless and segmented
armature topology when these poles are subjected to constant thermal aging. As the need to
reduce the burning of fossil fuels leads to the gradual widespread adoption of electric vehicles,
this type of motor is increasingly used due to its reliability, high torque density, compact struc-
ture and high efficiency. The windings of this motor are insulated to protect the turns of the
coils from stator faults. Among them, the inter-turn short circuits pose a significant threat to
the condition of insulation systems due to their rapid evolution into catastrophic breakdowns.
However, various stresses may arise in the environment of the motor during its operation, which
are associated with insulation degradation and failure. These are known as TEAM stresses,
an abbreviation for Thermal, Electrical, Ambient and Mechanical stresses. This thesis aims to
provide significant insights into the behavior of the windings insulation after the application
of fixed thermal stress. First, the characteristics of the electric motors used in electric vehicles
(EVs) are outlined, emphasizing on the permanent magnet synchronous motors (PMSM). Next,
the potential faults that can occur are analyzed, including electrical, mechanical and magnetic
faults. Additionally, the widely employed diagnostic methods are described that aim at early
fault detection. Subsequently, the pole insulation systems are discussed, insulation degradation
with the increase of partial discharge activity is analyzed and the diagnostic tests to assess the
insulation condition are described. Moreover, the thesis delves into fixed thermal stress testing
as an accelerated aging mechanism along with relevant literature on constant thermal aging
testing with their respective experimental outcomes. The experimental procedure encompasses
the development of quality testing procedures, modeling the equivalent circuit of the poles, con-
ducting experimental tests and the analysis of the applied fixed thermal stresses on the poles.
Impedance spectroscopy, Nyquist diagrams and breakdown voltage measurements are the pri-
mary methods for monitoring and evaluating the insulation condition of the poles. A frequency
response (FRAX) analyzer and an Insulation Resistance Tester (Megohmmeter) are utilized as
the main measuring equipment. Particularly, the performed work on the development of the
complex equivalent circuit for the poles is described. Then the impact of different temperatures
acting as different fixed thermal stresses on the pole insulation is explored, elevating gradually
the temperature between the cycles. Their results are recorded using the aforementioned di-
agnostic tools after each cycle to assess the insulation degradation. The thermal cycling test
is also investigated to highlight the impact of the thermomechanical effects observed during
this test on the insulation. Furthermore, multi- stress mechanisms are examined using a spe-
cially designed mechanical accelerator to conduct electromechanical stress testing, following the
thermal aging procedures.
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1 Theoretical background

1.1 Introduction

In today’s era, where the climate crisis is just around the corner, with more and more envi-
ronmental issues on the table to be addressed, the transition to a sustainability strategy is
an urgent need. As urban centers grapple with escalating air pollution levels, especially in
huge cities, while the pressing need to curb greenhouse gas emissions, the automotive industry
strands at a crossroads. Conventional internal combustion engine vehicles contribute signifi-
cantly to the abbreviation of these problems, as they burn millions of tons of fossil fuels each
year. That is why, the imperative of widespread adoption of electric vehicles (EVs) presents a
compelling solution to mitigate these environmental challenges.

The inherent advantage of electric vehicles lies in their zero-emission nature, as they rely
on electric power resources, such as batteries, to propel vehicles. By choosing EVs, individuals
and societies actively contribute to the reduction of the carbon footprint and the adverse effects
of climate change. Beyond that, this transition encompasses a strategic move towards energy
efficiency and technological innovation. As countries strive to achieve sustainable development
goals, the transportation sector plays a critical role. Electric vehicles not only align with global
efforts to reduce dependence on fossil fuels but also foster the growth of more efficient energy
systems. The rise of the electric vehicle industry leads to advancements in other industries,
such as battery development, charging infrastructure, and smart grid integration, stimulating
a phenomenon of innovation across various sectors.

In essence, the shift towards electric vehicles is not just an environmental necessity, but
a strategic and forward-thinking approach to reshape the future of mobility, energy, and the
overall sustainability of our planet. Governments and businesses will have to recognize the
necessity of this transition, investing in the development of electric vehicles, but always with a
view to their reliability and viability for humans.

1.2 Electric vehicles

An electric vehicle is a vehicle, that is being run with the aid of an electric propulsion system.
There are several categories of electric vehicles, the classification of which is based on the energy
system they use. The main categories of EVs consist of battery-powered electric vehicles (BEV),
which rely solely on a battery for energy storage, hybrid electric vehicles (HEV), which use both
electric and internal combustion engines, depending on whether they move at low speeds in
urban areas or higher and fuel cell electric vehicles (FCEV), which use fuel cells, inside of them
multiple chemical reactions take place to produce electricity [1]. The block diagram in Figure
1.1 captures the basic propulsion system of an EV, which includes an energy source, a power
converter, a kind of electric motor and a vehicle transmission system, all connected with each
other. The energy source can be based on batteries, particularly those of lithium technology,
or supercapacitors, which are high-capacity capacitors with capacitance values much higher
than sold-state capacitors but with lower voltage limits. A lot of research has been done on
supercapacitors and fuel cells, as they seem very promising options for electromobility due to
their high power and longer life cycles.
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Figure 1.1: Basic electric vehicle propulsion system [1]

The overall performance of an EV is primarily determined by the motor drive type being



utilized. The motor drive is one of the most important parts of the propulsion system and
consists of the electric motor, the converter and the electronic controller. The latter two
facilitate efficient power conversion, precise motor control and seamless integration with various
vehicle functions.

1.3 Electric motors used in EVs

The heart of an electric vehicle lies in its electric motor, the most important component of the
propulsion system. There are various types of traction motors used in EVs. The selection of the
proper one is a pivotal stage in the design of the overall electric vehicle system, which depends
on different factors such as cost, reliability, durability, efficiency, high power and torque density
and robustness[2]. Motors that are mostly used are direct current (DC) motors, induction
motors, switched reluctance motors (Switched RM), permanent magnet synchronous motors
(PMSM) and brushless DC motors (BLDC). They are shown in Figure 1.2.

Figure 1.2: Cross section of motor types: a)DC motor, b)Induction motor, ¢)PMSM,
d)Synchronous RM, e)Switched RM, f)BLDC motor.[3]

1.3.1 DC motors

Renowned for its straightforward construction, the ease of decoupling flux and torque and the
uncomplicated control, this particular type of motor is characterized by simplicity. Predating
advancements in power electronics, DC motors were conventionally utilized in various speed
applications. They are favored for their ability to deliver high torque at low speeds. The
commutator converts DC to AC, acting as an inverter, making power electronics devices much
simpler and more cost-effective. Nevertheless, the presence of brushes and rings, requiring
periodic replacement, contributes to increased difficulty in construction, high maintenance cost,
reduced reliability and low efficiency. The collector also is responsible for torque ripples and
imposes limitations on the motor’s maximum speed.

In Figure 1.3, the inversely proportional relationship between the speed and the torque
output of the motor can be shown. This is because the rated output power has a fixed value.
As the output speed increases, the available output torque decreases proportionately, while as
the output torque increases, the speed decreases proportionately. The point where the torque
is maximum and the speed is zero is called holding torque, while the point where the speed is
maximum and the torque is zero is called no load speed.
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1.3.2 Induction motors

Induction motors (IMs) are also called asynchronous motors because their rotor never operates
at the same speed as the rotating magnetic field produced by the stator. Specifically squirrel
cage induction motors are a widespread selection for applications in the automotive industry
because of their robustness, reliability and simple structure. Hence there are fewer maintenance
requirements and low cost. They can operate in harsh or poor environmental conditions as
well.[4] The main reason for their use in electric vehicle applications is their speed-torque
characteristic, which is very close to the ideal one. The main characteristics of an induction
motor are shown in Figure 1.4. The torque and field control can be divided and easily controlled
by vector control methods. By reducing the flux, the speed range may be extended in the
constant power region.

Besides the advantages, there are also some drawbacks presented in induction motors. Be-
cause of the presence of rotor winding losses, they present inherently lower efficiency, particu-
larly at low speeds, as compared to a permanent magnet motor. In addition, the existence of the
break-down torque within the constant power region and the increment of losses at high speeds
are some other negative features. Therefore, they have a low power factor. Due to their low
torque density, IMs are more suitable for high-speed and low-torque applications. Their overall
volume and weight are also increased as the batteries in EVs are direct current sources, so the
existence of an inverter, which converts the direct current to alternating current, is necessary
for their operation. Researchers have invested significant efforts in addressing these problems
through various approaches. These include using dual inverters to expand the constant power
region, incorporating doubly-fed induction motors for enhanced low-speed performance and
mitigating rotor winding losses during the design stage.
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1.3.3 Switched Reluctance motors

Switched reluctance motors (SRM) are a category of electric motors that operate based on
the principle of magnetic reluctance, which represents the opposition to magnetic flux. Simple
and strong in construction the rotor of this motor is a single piece of laminated steel with no
windings or permanent magnets on it. That is why, these motors do not have a continuous
magnetic field in the stator or the rotor. Instead, they rely on the variation in reluctance to
generate motion. More specifically, the stator windings are energized in a sequence to create
a magnetic field to attract the rotor poles. Due to magnetic attraction, the rotor is getting
aligned with the stator poles. Once aligned, the stator windings are immediately de-energized.
Thus, the rotor can move to its next position because of its inertia. The sequence of energizing
and de-energizing the stator windings produces the required rotational motion[5].

SRMs are becoming an increasingly popular choice for Hybrid Electric Vehicles (HEVs), as
their efficiency is over 95%. Its robust nature makes it suitable for high-speed applications.
The inertia of the rotor is lower compared to the rotor of other machines due to the operating
principle described earlier. Hence, these motors are a viable choice for variable reference speed
applications to capture reference speed, where low inertia is a significant factor. Among the
advantages of this type of motor is the fact they are rigid in construction and easily controllable.
They are also fault-tolerable since there is no connection between the phases, so if one of the
phases stops working the motor continues to operate.[6] Due to the lack of rotor copper losses,
they can operate at high temperatures, because the temperature of the rotor itself is lower
than other motors. Furthermore, the absence of magnets, collector and brushes ensures low
production and maintenance costs, as no maintenance is required at all.

Unlike other electric motors, they exhibit high torque fluctuations owing to their indepen-
dent phase power supply, acoustic noise, electromagnetic interference (EMI) and vibrations due
to salient-pole rotor and stator, leading to a non-linear magnetic characteristic for the motor.
For that reason, a special convertor topology is needed for operation. Moreover, a drive is nec-
essary during initial acceleration and gradeability to maintain constant power. Proper motor
design can extend the constant power region [7]. The torque-speed characteristic of the SRM
is depicted in Figure 1.5b. This characteristic is particularly advantageous for electric vehicle
applications, as the broad constant power region enables operation at high speeds.
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Figure 1.5: A SRM with its characteristics [2]

1.3.4 Synchronous Reluctance motors

Synchronous reluctance motors (SynRM) represent a distinct category of synchronous motors,
where the torque is generated by the disparity in magnetic conductivities along the quadrature
and direct axis of the rotor. The difference in permeability of these two axes is determined
through the incorporation of numerous flux barriers. The placement of the ends of the flux
barriers, along with the deliberate rotor asymmetries, is carefully chosen to minimize torque
ripple, primarily due to slot harmonics. [8] Notably, the rotor lacks field windings or permanent
magnets. Currently, this type of motor is becoming very popular as an alternative to electric
as well as hybrid vehicles due to its easy and strong construction, high efficiency, fast dynamic
response and low cost[9]. The main advantages mainly depend on the non-existence of rotor
cage losses by allowing a higher permanent torque than the torque of an induction motor, for
example, of the same size. Considering the requirements for high torque and power density,
this machine is still under research for traction applications.

1.3.5 Permanent magnet synchronous motors

Brushless permanent magnet motors are a type of motor that combines the features of perma-
nent magnet technology and brushless design. They encompass permanent magnet synchronous
motors (PMSM) and brushless DC (BLDC) motors. The distinction criterion between these
two motors lies in the formation of current and electromotive force waveforms.

The name of the permanent magnet synchronous motor derives from the permanent mag-
nets that are mounted on the motor’s rotor. They are operated with sinusoidal current and
sinusoidal electromotive force waveform. In a closed-loop control system, a resolver is employed
to detect the rotor’s position. PMSMs stand out as a formidable competitor to induction mo-
tors in traction applications, since numerous car manufacturers, including Toyota, Nissan and
Honda, have already adopted them for their vehicles. They are renowned for their simple struc-
ture, compact size, lightweight design, reliability, low inertia and fast response. In addition,
there are other benefits, such as high efficiency, high power density, high power factor and
an improved dispersion of heat into the environment.[10] The core of the design of a PMSM
lies in the arrangement of the permanent magnets in the rotor. Changing the configuration
of the permanent magnets in the rotor significantly affects the performance of the motor. A
well-designed structure not only enhances torque density, efficiency and temperature control
but also optimizes material utilization and reduces production costs.



The torque-speed relationship is illustrated in the graph of Figure 1.6a. These motors
operate in the constant torque region at medium speeds and transition to the constant power
region at high speeds. As can be seen, the constant power region is narrow. This region can be
widened and the efficiency of the motor can be improved by adjusting the conduction angle of
the power converter at speeds higher than the base speed. The torque-speed characteristic of
a PMSM under conduction angle control is depicted in Figure 1.6b. Generally, an increase in
conduction angle results in higher torque output. In the constant torque region where a longer
duration of current conduction leads to an increased time of torque generation. Furthermore,
the conduction angle allows for control over the power factor of the motor, with larger angles
leading to a more improved power factor, and also affects the speed regulation. Speed range
can be extended three to four times the base speed.

Regarding the disadvantages of PMSMs, these include the high price of the permanent
magnets, which affects the overall manufacturing cost of the motor, as well as the sensitivity
of the magnets to high temperatures. Another effect called demagnetization [11], during which
the magnetic properties of the magnets are reduced or eliminated, may occur due to heat or
armature reaction. In general, faults that occur during operation are usually irreversible and
pose significant challenges in terms of detection, making prevention nearly impossible.
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Figure 1.6: PMSM characteristics before and after control

1.3.6 Brush-less DC motors

Brushless direct current (BLDC) motors are essentially the result of reversing the rotor with
the stator in permanent magnet motors. In contrast to PMSMs, they are operated with square
waves of current and trapezoidal electromotive force[12]. Unlike brushed DC motors, BLDC mo-
tors operate without brushes. Instead, they use an electronic commutation through a controller.
The absence of brushes reduces friction and wear, resulting in lower maintenance requirements,
costs and great reliability. The electronic commutation is achieved with a sensor. Sensors, such
as Hall effect sensors, provide feedback to the motor controller, allowing precise control of the
rotor position and commutation timing. These motors belong to permanent magnet motors, as
they incorporate permanent magnets in the rotor that interact with the stator’s magnetic field
to produce rotational motion. This design contributes to high power density. They are more
compact and lightweight than their brushed counterparts with similar power ratings, making
them more appropriate for applications where volume and space become critical considerations.
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Also, the absence of brushes and electronic commutation reduces friction and wear, which leads
to better efficiency, as there are no rotor windings or rotor copper losses. Beyond that, they
allow for smooth and quiet operation and precise control over speed and torque, as noise levels
are minimized.

They present a similar torque-speed characteristic to PMSMs. They have high starting
torque and their efficiency can reach up to 95-98%. The disadvantages are the short constant
power range, the decrease in torque as speed increases after the base speed and the high
production cost due to permanent magnets. In Figure 1.7(a), it can be seen for BLDC motors,
by analogy with PMSMs, that through flux weakening or conduction angle control, the constant
power region can be widened when the vehicle shifts to high speeds. As the angle increases,
so does output torque and the speed range. In Figure 1.7(b), it is shown that a PMSM has a
higher torque than the BLDC motor with a two-phase 120°conduction. BLDC motor with a
three-phase 180°conduction has higher speed with lower torque[13].
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Figure 1.7: Torque-speed characteristic of BLDC: (a)Motor’s control strategy
(b)PMSM and BLDC conduction angle control [3]

1.3.7 Comparison between the different types of motors

Based on the descriptions of the electric motor categories analyzed in the previous subsections,
some comments and conclusions can be drawn. The electric propulsion systems are evaluated
based on six key factors: power density, efficiency, controllability, reliability, cost and techno-
logical maturity. A score out of 10 has been given in each of DC motors, IM, PM motors and

SRM in Table 1.1.
&
v v

St % »
PMSM SRM

DC

Figure 1.8: The four electric motors for comparison [6]

According to the observations of Table 1.1, induction motors and permanent magnet motors
in general are more suitable for traction applications considering all of these parameters. PM
motors have the highest rating for both power density due to the presence of the magnets
and efficiency due to the absence of rotor winding losses. DC and induction motors are rated
highest in terms of controllability, as DC motors can be controlled very simply, while IMs can
be easily controlled through a vector control system and their flux and torque can be easily
decoupled as well. The induction motor, also, is the most reliable due to its robustness and
rigid construction.
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Electric motor features | DC Motor | Induction motor | PM motor | SRM
Efficiency ) 7 10 7
Power density 5 7 10 7
Controllability 10 10 8 6
Cost 8 10 6 8
Reliability 6 10 8 10
Technological maturity 10 10 8 8
Total sum 44 54 50 46

Table 1.1: Evaluation of the four motor types

Other characteristics can be used as criteria for the electric propulsion system selection.
Among them, the weight and efficiency (in percentage) of the aforementioned four types are
compared in Tables 1.2 and 1.3 respectively[14].

Motor types | Motor itself | Motor with electronics
PM motor 100 200
SRM 150 250
Induction motor 200 300
DC motor 400 450

Table 1.2: Comparison of the Weight (With basis set on PM=100)

Motor types | Motor itself | Electronics | Motor with electronics
DC motor 80 98 78
Induction motor 90 93 84
PM motor 97 93 90
SRM 94 90 85

Table 1.3: Comparison of efficiency in percentage (%)

The tables confirm what has already been mentioned, in traction applications where weight
is considered critical, permanent magnet motors are the more suitable option, followed by
switched reluctance motors, then by induction motors, while DC motors are the worst possible
option. PM motors are also the most efficient not only for the motor but for the entire unit
consisting of the motor drive and the electronics. These units in SRM and IM are very close
in efficiency, while the DC motor unit has the lowest value of all.

Below is a graph illustrating the percentage of occurrences of torque ripples for the four
electric motor types of Figure 1.8. It can be easily observed that the highest level of occurrences
is in the case of SRM, while the least occurrences occur in the case of induction motors.

12
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1.4 Topologies of permanent magnet motors

This section highlights the features of various permanent magnet motor structures. Because of
the multitude of options, it is not feasible to conduct a comprehensive analysis of all of them.
Instead, the analysis focuses on the most prevalent structures.

There are two key topologies based on the orientation of the magnetic flux within the motor.
These topologies are the radial flux and the axial flux permanent magnet motor. There is a
cross-sectional view of them in Figure 1.10, where the direction of the magnetic flux in each
case can be visualized with the red arrow. There can be a further classification depending on
whether the rotor is inside of the stator or not, or whether the placement of the magnets is
on the surface of the rotor or in the interior of it. Different characteristics and mathematical
expressions of the basic electrical quantities appear for each topology.

Redial Flux Motor

Baarings

ron Cores

Mugnats

Coils

Bagrings

. Chinmztice of
Mognetic Fhis

Figure 1.10: Cross-section of a radial flux and an axial flux motor [15]

1.4.1 Mathematical modeling of PM motors

First, the mathematical modeling of the permanent magnet synchronous motors will be dis-
cussed, listing some of the basic equations for voltage, current, torque and maximum speed.
Field-oriented control (FOC) for PMSM is a widely used algorithm, that aims to control the
stator current, as these are defined as two orthogonal components that can be visualized with
vectors. FOC includes techniques, like field weakening (FW) and maximum torque per am-
pere (MTPA)[16]. The former refers to reducing flux linkage to limit motor voltage to the

13



rated value, thereby increasing the speed, while the latter ensures the desired torque level is
achieved with the minimum current for the stator windings. The expressions for direct axis
and quadrature axis stator voltage related to stator current are respectively:

‘/dsst'Z.ds_{_Ld'ﬁ_wr'Lq'iqs (11)
. diqs .
Vis = Rs - igs + Ly - o —wy - (Lg - igs + Am) (1.2)

The electrical quantities are defined in the following table 1.4. Under steady-state conditions,
the electrical angular velocity is presumed to remain constant and equal to the synchronous
speed. Any variation in current is disregarded, so the derivative %4 Consequently, the steady-

dt
state equations for the voltage can be determined as:

Vis = Ry - igs + Lg - d;f — Wy Ly g (1.3)
, digs ,
Vis = Rs - igs + Ly - o —wy - (Lg - igs + Am) (1.4)
Electrical Quantities Description Units

ids direct axis stator current A (Ampere)
igs quadrature axis stator current A (Ampere)
R, stator winding resistance 2 (Ohm)
L, direct axis stator winding inductance H (Henry)
L, quadrature axis stator winding inductance H (Henry)
Am flux linkage of PM rotor Wb (Weber)
Wy rotor angular speed r/s (radians per second)

Table 1.4: The electrical quantities of the aforementioned expressions

Various factors contribute to the overall torque behavior of a PMSM. Among them, cogging
torque is defined as the torque produced due to the interaction between the permanent magnets
in the rotor and the slots of the stator. Because the magnets are attracted to the stator teeth,
the torque required to rotate the rotor changes in proportion to the relative position of the
rotor to the stator. Minimizing cogging torque is critical for achieving smooth and consistent
motor operation. The electromagnetic torque is considered the primary torque that drives the
rotation of the motor. It is generated by the interaction between the rotor and stator magnetic
fields. It is essential for efficient motor operation to ensure a high and stable electromagnetic
torque. The equation which describes this kind of torque is the following:

3

1
T:§'P'<)\m‘iqs+7

5+ (La=Ly) i, - ige) (1.5)

where P is the number of pole pairs

1.4.2 Radial flux motors

Radial flux motors are a distinctive class of PMSM characterized by their structural arrange-
ment. In this type of motor, the magnetic field is perpendicular to the rotational axis of the
shaft and the current travels radially. Their key feature is the cylindrical or annular design
with the magnetic flux moving outward from the center to the periphery. While these motors
require enough space for installation due to their large size, this radial configuration allows for
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a relatively shorter axial length and efficient heat dissipation. Their topologies can be primarily
distinguished as outer rotor and inner rotor topologies[17].

In outer or external rotor radial flux PM (ERPM) motors the rotor spins outside the stator,
as the stator is fixed inside the rotor. The magnets are mounted on the inner surface of the
rotor bonded in place. An example of this topology is provided in Figure 1.11, showing the
rotating part (rotor) on the left covering the stationary part (stator) on the right. Due to
the outward orientation of stator teeth, winding this motor is a comparatively simple process.
The external placement of the windings facilitates efficient heat dissipation. They provide more
torque when compared to inner rotor motors due to the improved mechanical advantage offered
by the rotor-stator configuration of the active magnetic surface, which results in larger air gaps.
Thus, the ohmic losses of the stator windings can be dissipated. The primary drawback lies in
the challenge of cooling the motor. Inner rotor motors benefit from a well-established thermal
pathway extending from the stator to the motor housing. However, in external rotor motors,
there is an absence of a direct thermal pathway which poses difficulties in applying liquid cooling

solutions.

Figure 1.11: ERPM motor

In inner or interior rotor radial flux motors, the rotor is located and spins inside the stator.
They include two main categories, based on the placement of the permanent magnets in the
rotor. These categories are depicted in Figure 1.12:

e Surface-mounted PMSM
e Interior PMSM

Figure 1.12: Cross section of a SPM(left) and IPM motor (right)
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1.4.3 Surface-mounted permanent magnets

Surface-mounted permanent magnet (SPM) motors are a topology in which the permanent
magnets are mounted to the surface of the rotor, typically bonded in place [18]. They are held
in place with composite tape or manufactured as a ring wrapped around the rotor. The torque
is generated directly by the reaction between the magnetic field of the magnets and the field
generated in the stator teeth by the windings. As a result, the magnetic field from the magnets
acts directly on the air gap leading to minimal rotor losses. They exhibit high efficiency as
well as viable options for high-speed applications. In SPM motors, the inductance in both axes
d and ¢ are almost equal. Thus, the ratio of g-axis inductance to d-axis inductance, which
is defined as saliency ratio SR &~ 1. Then, the direct current component 745 equals zero as it
does not contribute to the overall torque, but it does to copper losses [19]. Thereby, the torque
equation at (5) depends only on the i,; component, which has the rated current value. Torque
becomes maximum when the stator current vector lies over the ¢ axis and it can be written as:

3
Tae = 5 P+ A Ly (1.6)

The main disadvantage of that topology is the high proportion of the magnetic material for
torque generation of the motor, as they lack reluctance torque. That leads to increased man-
ufacturing expenses. In addition, their structure and shape cause them to be mechanically
weaker than TPM motors, as their large rotor can act as a flywheel because of the high moment
of inertia.

1.4.4 Interior permanent magnets

The other category based on the assembly of the magnets is the interior permanent magnet
(IPM) motor. In this type of motor, the permanent magnets are placed in the inner part of the
rotor. In particular, simple bar magnets, slotted or molded into punched holes, sit inside a rotor
core manufactured from a stack of laminated steel sheets[20]. The magnets are mechanically
located in the slots, removing the need for any banding. In contrast to SPM motors, they
typically use less magnetic material, reducing costs. IPM motors are characterized by their
inherent rotor saliency[21]. The mutual inductance of the two axes is not the same, varying with
the rotor’s position, as they are affected by its magnetic asymmetry. Consequently, reluctance
torque is created that depends on the current of both axes. This torque is directly correlated
with the applied current, as the higher the current applied the greater the torque output.
Reluctance torque is added to the magnetic torque generated by the permanent magnets to
enhance the magnetic field strength at the surface of the rotor. That is the main difference with
SPM motors which only produce magnet-based torque. This improves the torque-to-magnetic
material ratio, but it reduces peak efficiency under high torque. Torque is constrained by the
motor’s maximum current capacity, preventing overheating and breakdown when pushed to its
limits in a short period. The equations that describe the limitations for both maximum current
and voltage are respectively[22]:

(in)? > (as)? + (igs)” (1.7)
and
(Va)? > (Vas)* + (Vas)® = (wr - La - igs)® + [wr  (Lg - dgs + Am)]? (1.8)

The values for maximum current and maximum voltage must be the rated values to protect the
motor from excessive current in short periods. In PMSM, flux weakening is applied so that a
wider speed range can be achieved. The maximum speed is determined by the voltage limit in
equation (8) when the current of the g axis iy, is set to 0. At rated speed with maximum ¢-axis
current, the motor can exceed this limit and achieve increased speeds. By applying a negative
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current to the d axis and slightly reducing 7,5, the magnetic field in the d axis diminishes, leading
to a decrease in electromotive force (EMF) and a slight increase in speed. The maximum speed
of the motor is obtained when the total current is applied in the d axis and is equivalent to:

Va

1.9
Lg-igs + Ay (1.9)

Wr.max =

The disadvantages of this topology are that, although no banding is required for the magnets,
the assembly of the rotor can be complex due to the use of multiple layers of laminated steel
and magnet arrays. In addition, IPMSMs may rely on rare earth magnets, especially those in
high-performance applications. The availability and cost of these materials may be subject to
market fluctuations and geopolitical factors, potentially affecting the viability of these motors.

1.4.5 Axial flux motors

The other main category is axial flux motors, where the magnetic flux direction is parallel to
the rotational axis of the rotor and the current runs axially[15]. They are alternatively referred
to as disc or pancake motors due to their shape. Their flat shape is justified by the fact that the
active magnetic surface is the face of the rotor rather than its outside diameter. This allows an
increased active magnetic surface area compared to a radial flux motor and typically improved
performance in power-to-weight ratio and torque density. Similar to radial flux motors, there
are several structural configurations, shown in Figure 1.13. The simplest and widely adopted
one is the single stator single rotor setup, available as either internal stator external rotor, or
external stator internal rotor. However, this design has a constrained capability for generating
torque. Other designs are the double stator single rotor, where the two stators are on each side
of the inner rotor, and the single stator double rotor, where the two rotors are outer on each
side of the inner stator windings, enabling the motor to operate even if one of the windings fails.
For increasing the torque, a multi-layer design can be implemented, which includes multiple
rotors and stators.
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Figure 1.13: Different axial flux motor configurations [15]

1.4.6 Yokeless and segmented armature AFPM motors

One of the most promising as well as challenging types of axial flux motor seems to be the
yokeless and segmented armature (YASA) topology. YASA topology represents an innovative
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design within the realm of electric motors, offering unique features[23]. It combines the advan-
tages of various other axial flux topologies. This type of motor architecture deviates from the
conventional design by eliminating the traditional iron yoke found in the stator and adopting
a segmented armature structure.

The YASA topology derives from the combination of two axial flux motors: the NS Torus-S
and NN Torus-S, which are depicted in Figure 1.14. According to literature [24], NS Torus-
S (lap) is characterized by its short stator yoke, which leads to increased power density and
reduced losses. However, to generate torque, a lap winding must be employed. Consequently,
the motor has a poor power fill factor and long-end windings which enlarge the outer diameter
of the motor leading to reduced power density and increased losses. On the contrary, to manage
the flux from both rotors, the NN Torus-S motor needs a large stator yoke. Thus, it presents
high losses and reduced power density. However, a back-to-back winding with a high fill factor
can mitigate this issue. This significantly decreases the prominence of the end windings, thereby
enhancing the power density and efficiency of the NN Torus-S motor. Even though these two
types present similar performance, the NS Torus has a slightly better power density and peak
efficiency.
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Figure 1.15: YASA topology derived [23]

The YASA topology is the result of combining the NS Torus-S motor with the NN Torus-S,
by transforming the NS Torus-S topology. The aim was to adapt the benefits of these two types
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to one motor type, primarily the exceptional winding characteristics of the NN Torus-S machine
and the short stator yoke of the NS Torus-S. Figure 1.15 shows the manufacturing process from
which the YASA topology is derived. The stator yoke of the NS Torus-S is removed since it is
not necessary as the teeth become magnetically unconnected. The pitch of the teeth is enlarged
to match the arc of the magnets and a single winding is wound around each of these magnets.
The teeth and windings are bonded together with a high-strength material. Following the
aforementioned process, a new topology has been created, forming an ideal design for electric
vehicles.

As can be seen in Figure 1.16b YASA motor consists of two external rotors and an inner
stator [25]. The yokeless configuration is distinguished by the removal of the bulky stator iron
yoke. Instead, the stator consists of short-end windings in a disk-like formation. This design
can dramatically reduce the iron in the stator by 50%. Therefore, it contributes to a more
compact and lightweight solution, as the motor’s overall volume and weight are reduced. The
segmented armature enhances the motor’s efficiency and performance. Instead of a continuous
armature structure like traditional motors, in this topology, the armature is divided into magnet
and coating segments, all forming the stator of the motor, allowing for more precise control
of the magnetic flux. This segmentation contributes to a better magnetic field distribution,
minimizing eddy current losses and improving overall efficiency, whose peak can reach up to
95-97%. The yokeless design also reduces core losses associated with the iron yoke. Furthermore,
this topology results in a high fill factor, high power density and high torque density, which
can be 20% higher than other axial flux motors [26],[27]. Last but not least, this topology
presents an improved thermal performance. Heat dissipation is more effective due to the gaps
between the stator segments. Thus, the motor is capable of handling higher power loads without
compromising reliability.

The stator of a YASA motor, like this in Figure 1.16a, is made by pressing soft magnetic
composite (SMC) materials. The components are bonded together and then wound to form
the stator segments. It is composed of numerous minuscule surface-insulated iron particles.
The stator includes three main subsystems: the part responsible for locating and securing the
stator segments during operation, the liquid cooling system, which transfers the heat of the
copper and iron losses to the water, preventing the stator from overheating and the electrical
system that ensures even current distribution in the three phases, enabling compactness and
robustness.

(b) The yokeless and segmented armature
(a) A YASA motor topology

Figure 1.16: A YASA axial flux motor and YASA topology [23]

The permanent magnets within the motor are divided into those with north-pole polarity
and those with south-pole polarity. The primary magnetic flux in YASA motors, illustrated
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in Figure 1.17, originates from the N(north)-pole permanent magnet and traverses the air gap,
the stator core and the other air gap to reach the S(south)-pole on the opposite side[28]. After
passing through the rotor core on the second side, the flux starts from the N-pole on the second
side and traverses from the opposite, the air gap, the stator core and the other air gap to reach
the S-pole on the initial side. The magnetic flux follows this path, forming a closed loop.
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Figure 1.17: Magnetic flux path in a YASA motor [28]

In Figure 1.18, the YASA motor is shown with x,y, z axes defined as the circumferential,
axial and radial directions respectively. Similar to other types of motors, it consists of a
stationary and a rotating part. The former includes the stator core, supporting frame and
armature windings, while the latter includes the rotor core, permanent magnets and the rotor
housing. The shaft and bearings are part of the mechanism that holds the stationary and
rotating parts together.

Bl Permanent magnet
M Housing
Rotor core
Bearing
M Stator core
B Support frame
B Shaft

(a) (b)

Figure 1.18: Structures of the YASA motor [28] (a)in 3D-field, (b)cross-section with its struc-
tural components

Although this configuration is the source of the aforementioned features, it also introduces a
notable weakness. The mechanical construction of this motor type is still challenging, primarily
due to the high axial force between the stator and the two rotors, which can further increase
the asymmetrical air gaps.
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2 Faults and diagnostics

While the characteristics and the operation of the main electric motor types have already been
discussed, it is essential to highlight that traction motors are susceptible to various faults that
can impact their operational reliability. These faults can be separated into stator and rotor
faults. Typical cases are demagnetization, bearing failures, rotor eccentricity, broken rotor
bars, insulation defects and stator windings faults[29]. Stator inter-turn faults are considered
among the most critical faults as their fast evolution leads to a catastrophic breakdown[30].
These faults can have tremendous consequences, often requiring a vast amount of money for
the machines in order to be repaired or to be replaced. Condition monitoring, where the
machines are being monitored to prevent any failure, splits up into two subregions: the prognosis
and the diagnosis[31]. The former is the scientific area that deals with the prediction of the
faults before they occur, while the latter deals with the causes that lead to a fault, which
has already occurred. Diagnostics are tools utilized for detecting early-stage defects, while
the machine is still operating. Common diagnostic methods are stator current monitoring,
vibration analysis, torque and magnetic flux monitoring and motor current signature analysis.
This section provides a brief overview of the faults that typically occur in traction motors,
especially in permanent magnet engines.

2.1 Faults

Faults are abnormal and undesired conditions or behaviors that occur in machines, leading to a
potential malfunction, failure, or downgraded performance. In PM motors, faults can be divided
into three main categories, according to the quantity they affect. These categories are: electrical
faults, magnetic faults and mechanical faults[32]. Electrical faults include stator winding faults,
such as open circuits or short circuits, magnetic faults include demagnetization of the magnets,
while mechanical faults include bearing faults and rotor eccentricity. In induction motors, there
could be another categorization based on the faults that occur in the stator, such as stator inter-
turn winding faults, or the rotor, such as broken rotor bars. When these faults lead to total
failure of the respective machine, the consequences are enormous. The most serious are the
potential damage to people working at the infrastructure where the motor is installed as well
as huge amounts of money for either the restoration or replacement of the machine.

There is a variety of reasons related to the appearance of faults in traction motors. Some
examples are defects in the design or manufacturing process, harsh operating conditions, hu-
man factors such as wrong handling, insufficient maintenance and protection of the motor, or
insulation degradation[33]. Referring to the first category, the manufacturing processes are not
ideal, leading to inherent asymmetries in the magnetic field of the machines. In addition, dur-
ing operation, motors are subjected to various stresses, known as TEAM (Thermal, Electrical,
Ambient and Mechanical stresses) that degrade the overall motor performance.

2.1.1 Mechanical faults

Mechanical faults are defects that occur mainly in the mechanical design and structure of the
motor. The most common defects that lead to motor failure are bearing faults, rotor eccentricity
and mechanical imbalance.

e Bearing faults: Bearings are small rounded metal objects used to support and stabi-
lize the rotor shaft[34]. They are placed in a perpendicular direction to the shaft, to
prevent the rotor from falling due to gravity. Bearings play a crucial role in the smooth
operation of the motor, as they enable the rotation of the shaft with minimal friction.
The need for high-power applications thrusts the operating conditions of the bearings to
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become harsher and harsher. Especially, bearings are subjected to fatigue, where cracks
or small fractures are manifested in the bearings’ components, ambient mechanical vibra-
tion, overloading, misalignment and corrosion due to improper installation or disassembly,
contamination such as dirt, dust or moisture, current fluting and wrong lubrication. This
poses challenges to their performance and reliability, often leading to failures[35]. No-
tably, bearings undergo inevitable fatigue, even under normal operating conditions. The
fatigue crack begins beneath the metal surface and as it propagates to the surface, a metal
fragment breaks away, leaving a small pit or flaking. This progression leads to bearing
damage and eventual failure, including cage faults, inner race faults, outer race faults
and ball faults. Bearing faults induce increased friction and heat generation between the
bearings and the shaft, periodic intense vibrations and abnormal noise. The frequency of
these vibrations is known as the rolling bearing fault vibration characteristic frequency
and depends on different factors, such as the bearing geometry, the damage location and
the rotational speed[36].

Bearing defects are among the most common faults, contributing to almost 40-50% of
all motor faults, imposing the need for regular maintenance and timely replacements of
worn components. Bearing faults can give rise to other types of faults, such as rotor
eccentricity and inter-turn short circuits.

e Mechanical imbalance: During the manufacturing process of a PMSM, some compo-
nents may not be assembled in their proper position. This leads to unbalanced loads or
misalignments and therefore mechanical vibrations at high speeds, torque disturbances,
wear and noise will be intensified[37]. Common examples of this kind of fault are an
unbalanced rotor, a bent rotor shaft and misplaced magnets or bearings, due to uneven
casting materials. Causing an unstable motor operation, mechanical imbalance results in
a decrease in motor performance, accelerated wear of the components of the system and
eventually a total failure of the system.

e Rotor eccentricity: Eccentricity is a type of mechanical fault that is caused by the
imperfect inner circular surface of the stator or the incorrect positioning and mounting of
the rotor inside the stator during assembly. Thus, the air gap between these two is uneven,
causing serious consequences to the motor performance. More details about eccentricity
are presented in subsection Eccenntricity.

2.1.2 Electrical faults

Electrical faults refer to the faults that affect the electrical properties of the system. The most
common faults that affect all types of motors are stator windings defects[38]. These can be
divided into Short-Circuit Faults (SCF) and Open-Circuit Faults(OCF). The former is highly
detrimental and requires immediate action to deactivate the drive system, while the latter can
continue without necessarily prompting a system shutdown. These include inter-turn or turn-
to-turn short circuits, turn-to-ground, phase-to-phase, phase-to-ground short circuits and open
circuits. As the last four faults lead to an immediate breakdown of the machine, the machine
is automatically disconnected from the power supply by protective relays. In subsection 2.3
there is a further analysis of the stator inter-turn short circuits.

These faults are mainly caused by the damage to the insulation layer between the coil turns
in the stator windings. The stator windings are coils of wire wound around the stator poles.
These windings are connected to the motor’s power supply and are responsible for creating the
rotating magnetic field, necessary for motor operation when energized. The inter-turn short
circuits are among the most common faults in all motor types and account for about 30% of
the total cases in stator windings faults[39]. When the insulation layer between two adjacent
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turns of the coil within the same winding breaks, then there is a direct contact between these
two turns, leading to an inter-turn short circuit. If the insulation layer of the last turn of
the coil or the inner area of the insulation breaks, this leads to direct contact between a turn
and the ground, so the respective turn-to-ground short circuit occurs. A phase-to-phase short
circuit occurs when two phases in a three-phase system are connected directly, bypassing the
load or device. Thus, an asymmetry appears with the two phase currents being much larger
than the phase current of the third phase. A phase-to-ground short circuit occurs when a
phase of a three-phase system is directly connected to the ground. These direct connections in
short circuits can lead to increased current flow, intense vibrations, overheating, and voltage and
magnetic field imbalances. These imbalances can harm other electrical devices connected to the
motor, such as inverters or motor drives. On the other hand, open circuits occur when there is a
break in the stator winding, interrupting the continuity of the electrical circuit of the coils[40].
Hence, the flow of the electrical current through that portion of the winding is prevented and
the magnetic field generated by that winding becomes incomplete and distorted. This can cause
torque ripples, increased losses and an overall deficiency in motor performance. In summary,
among the shortcomings of stator failures are undesirable torque ripples, intensified mechanical
vibrations, undue stress on the inverter switches and the potential triggering of additional
failures in other components of the electrical drive system.

A fault that is not associated with PMSM, but appears often in induction motors is broken
rotor bars[41]. The severity of this fault varies, depending on the population of the broken
bars. Structural and material defects in the manufacturing process or loose solder joints of
rotor bars are common causes of broken bars. Additionally, during operation, the mechanical
load of the rotor can be high and the high current flowing through the bars can lead to excessive
temperatures. The rotor is most stressed under steady-state conditions, where the mechanical
forces acting on the rotor are at their peak, while the rotor current can reach five times the
steady-state current. Skin effect also occurs, which is defined as the tendency of the high
alternating frequency currents to crowd towards the surface area of the bars. The top surface of
the bars is more thermally stressed than the bottom of the bars, making them more susceptible
to underlying cracks and holes. When this rotor fault occurs, it can have negative effects on
motor performance. The motor may not be able to start, but even if the severity of the fault
is low and the motor starts to run, it can shut off suddenly. Moreover, it causes asymmetrical
magnetic forces. Under healthy operation only the supply frequency is present. When a bar
breaks, a new frequency is created opposite to the direction of the main rotor magnetic field
sfs, where s is the slip. The broken bar fault induces a voltage to the stator windings with
frequency (1 —2s) - fs. Due to the broken bar, the rotor loses its symmetry with an additional
frequency component (142s)- f; emerging in the magnetic flux, which results in the generation
of harmonics of the same frequency in the stator current signal. Subsequently, these harmonics
consistently generate new harmonics with frequency (1 4 4s) - fs. Following this principle, the
characteristic frequency generated by the broken roto bar in the stator current is represented
as:

forb = (L £2ks) - fs, k=1,23,... (2.1)

It is important to note that when a rotor bar breaks, then the next ones most likely to break
are exactly the adjacent bars to the broken bar, as they are the most affected by the current
and load asymmetry.

2.1.3 Magnetic faults

This is a unique class of faults owned solely by PMSM due to the existence of permanent mag-
nets. A very common fault that belongs in this category is demagnetization. Demagnetization[42]
is defined as the reduction or complete loss of the magnetic properties from the permanent
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magnets. It can be distinguished into local demagnetization, where only specific regions of the
material are affected and uniform demagnetization which occurs consistently across the entire
material due to external factors affecting the material as a whole.

The functionality of permanent magnets lies in the alignment of micro-regions, called do-
mains, within an alloyed material. Each of them acts like a tiny magnet within the larger whole.
The domains are made up of strong magnetic materials, such as neodymium-iron, samarium-
cobalt or strontium-iron also known as ferrites. The process of magnetization includes exposing
these materials to a strong magnetic field. In the beginning, the domains are randomly oriented
towards all directions. Eventually, they start to align with the direction of the magnetic field
and when almost all of them are aligned in the same direction, the material has transformed into
a permanent magnet. When demagnetization occurs, the magnetic domains lose their complete
alignment. The magnetic properties of a material rely on that alignment, so a disruption in the
magnetic field and consequently to the domain alignment leads to the decrease of the magnetic
properties of the magnet.
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Figure 2.1: Demagnetization fundamentals [43]

In essence, during demagnetization, the magnets are exposed to an opposing magnetic
field. The characteristic in Figure 2.1a [43] will explain how demagnetization of the permanent
magnets works. The B-H curve (magnetic flux density(T) versus magnetic field strength(A /m))
represents graphically how the magnetism of a material responds to applied magnetic field
strength. The red line reaching point P1 illustrates how a magnet works without the presence
of an external magnetic field. When it is exposed to an external demagnetization field, opposite
to the direction of the magnet’s field, the operating line shifts to the left. The knee point is
the threshold in the B-H curve, which determines whether a material can retain its magnetic
properties or not. Above the knee point, the material behaves differently than below it. If the
magnet operates at point P2, which is located above the knee point, the material can recover
its residual flux density and therefore its original magnetic properties, upon removal of the
external magnetic field. This recovery is known as reversible demagnetization. In contrast, if
the shift in the load line positions the operating point at P3, located below the knee point, the
magnet will be unable to recover its residual magnetic flux density. Upon the removal of the
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external field, the material will undergo irreversible demagnetization|[44|, meaning that it may
not fully recover its original magnetic properties. Instead, it will follow a new path, known as
the recoil line. Figure 2.1b illustrates how the residual magnetism of a given magnetic material
reverts after irreversible demagnetization, while the alternating field decays. The slope between
these lines is similar, but each time the magnetic flux density becomes smaller and smaller until
it reaches zero values when the field is totally removed.

Certain factors affect the magnetized materials including heat, high pressure, collision with
other objects, armature reaction, volume loss and conflicting magnetic fields[45]. First and
foremost, temperature plays a critical role in the emergence of this fault. An increase in tem-
perature leads to an increase in atomic movement, which eventually overcomes the alignment
of the electrons. The threshold above which a magnet irreversibly loses its permanent mag-
netic properties is named Curie Temperature (TC). Above this temperature, a ferromagnetic
material transforms to paramagnetic. Nevertheless, demagnetization can occur at some levels
before the magnet’s temperature reaches the Curie point. The extent of this fault is highly
dependent on the specific material and grade of the magnet used. Some permanent magnet
materials are more susceptible than others to demagnetization as temperature increases. The
most susceptible are the neodymium magnets with TC approximately at 100°C, an alloy of
neodymium, iron and boron to form NdyFe4B tetragonal crystalline structure. They are the
most widely used type of rare-earth magnets. Other choices are the samarium cobalt magnets
with TC at 350°C and alnico magnets with TC at 540°C being the best choice for continuous
extreme temperatures.

The impact of different temperature conditions on the demagnetization of NdFeB Neorem
593A is shown in Figure 2.2. Because of the negative thermal coefficient coercive force, the
magnet is more likely to be demagnetized as the temperature increases. Below 150°C, the
knee point does not fall into the second quadrant of the B-H characteristic, indicating no risk
of demagnetization. However, as the temperature increases, the knee point appears on the
demagnetization curve, raising the risk of demagnetization.
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Figure 2.2: Demagnetization curve for a certain magnetic material (NdFeB) under different
temperatures [43]

Another factor that can demagnetize a permanent magnet is collision with other objects, like
hammering. This will disrupt the motion of the atoms and have an impact on the alignment
of the north and south poles of the magnet, leading eventually to the loss of its magnetic
properties. Furthermore, it can affect the physical integrity of the magnet resulting in loss of
volume. Other phenomena caused by excess humidity, such as erosion or oxidation, can harm
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the physical properties of the permanent magnet.

Last but not least, external magnetic force fields can demagnetize a permanent magnet.
The existence of another magnetic field around the magnet can act as a demagnetizing force.
The interaction between the stator windings field and the permanent magnets can lead to mag-
netic field distortions similar to the effects seen due to armature reaction[46] in DC machines.
Armature reaction is the shift in the magnetic axis created by the distortion of the magnetic
field produced by the field pole winding by that of the armature winding.

As it was referred to, PM motors are affected when operating at high temperatures. One way
to reduce the risk of demagnetizing the magnets is for the motor to work at lower temperatures,
but this would limit their applications. The use of magnetic materials with high magnetic field
strength is an alternative but this would result in increased costs. Recent research has provided
other options with the effects of the d— and ¢— axis currents[47]. While an increase in the d—
axis current increases the possibility of demagnetization, an increase in the g— axis current,
under a constant input current, leads to increased demagnetization tolerance, but decreased
motor torque density. If appropriate control strategies are utilized the risk of this fault can be
significantly reduced.

2.2 Eccentricity

Eccentricity is defined as a fault or condition where the motor’s air gap is uneven between the
rotor and the stator[48]. A substantial escalation in the severity of eccentricity can lead to
friction between the rotor and the stator, causing severe and potentially irreparable damage
to the motor. FKEccentricity typically refers to the misalignment between the rotor’s center
with the stator’s center. In a healthy machine, assuming that the center of the stator lies on
one axis and the center of the rotor lies on another axis, these two axes are coincident[49],
as shown in Figure 2.3(a). This misalignment can occur due to design and manufacturing
defects, installation issues, or defective operating conditions and can have adverse effects on
the performance of the machine. Some usual factors that cause eccentricity include the bearing
fault, where the rotor is displaced inside the stator, a bent rotor shaft, imperfect cylindrical
shapes of the stator bore and rotor face, bearing wear, or mechanical resonance at critical
speeds.
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Figure 2.3: Cross section of a motor: (a)Healthy state, (b)With eccentricity [49]

There are two types of eccentricity, referred to as static and dynamic eccentricity, while a
combination of them can occur as well[50]. Static eccentricity occurs when the geometric centers
of the stator and the rotor no longer coincide, although the rotation and geometric centers of
the rotor still align. On the other hand, dynamic eccentricity occurs when the geometric center
of the rotor deviates from the rotation center, but the geometric center of the stator is aligned
with the rotation center of the rotor. Mixed eccentricity is the case when a combination of the
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characteristics of these two types occurs. The rotation center of the rotor does not coincide
with either the geometric center of the stator or the geometric center of the rotor. Instead, it
rotates around a new, separate axis resulting in a new time-varying asymmetry in the air gap.
The three eccentricity types are illustrated in Figure 2.4.

In Permanent Magnet Motors, when eccentricity occurs part of the stator is closest to the
permanent magnets of the rotor[51]. This generates an attractive force that acts on the rotor
and consequently, asymmetric magnetic forces are generated between the rotor and stator.
These forces pose a significant concern as they contribute to high levels of noise and vibration,
accelerating the aging of the motor. Thus, increased wear and tear on the components are
required, affecting the overall system’s reliability. In addition, this uneven air gap leads to
torque ripples, variations in magnetic flux density and increased losses in the motor, reducing
the motor efficiency and potentially leading to higher operating temperatures. Research has
shown that eccentricity affects differently the SPM and IPM motors. It has a stronger impact on
the magnetic gap induction of the IPM motors. In SPM machines, magnetic asymmetric forces
increase linearly, affected by the relatively smaller air gap. In contrast, in IPM machines, these
forces increase significantly and non-linearly owing to the increased effect of core saturation.

(a) SE

(b) DE

(c) ME

@ stator center (O rotor center X rotational center in ME

Figure 2.4: The eccentricity types [50]

The formula for detecting static, dynamic and mixed eccentricity for PM machines is:

feCC,PM = (1 + 2h - 1) ’ fS (22)

where k: an integer, p: the pole pairs, f: the supply frequency and f...: the harmonic frequency
of the eccentricity
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This formula, based on the appearance of harmonics in the rotor current spectrum, in the
general case for detecting only static or dynamic eccentricity applicable to induction motors is:

1—s

fecc,l = [(R + nd) : ( ) * 2n4 + nws] : fs (23)
where R: the rotor bar number, ny=0 for static eccentricity and + 1,422 43,... for dynamic
eccentricity, ng, = 0 with no saturation, s: the slip and n,,, = +1,£3,45,. .. the harmonic order
of the stator windings

For mixed eccentricity in induction motors, this formula becomes:

fecc,Q = [fs +k- fr] (24)
where k=41,42,43,... and f, = (1=%) - f, = the rotor frequency

p
2.3 Inter-turn faults

The turns of the coils in the stator windings are not in direct contact between them, as this
would result in short circuits and subsequently failures in windings. Insulation layers are used
between the turns of the coils to protect them from electrical faults. All poles of all types of
traction motors are insulated and the insulation material differs depending on the application.
The requirements for delivering high power and torque density and poor operating conditions
are critical factors for stresses to the insulation layer[52]. The insulation is subjected to a group
of stresses known as TEAM, which stands for Thermal, Electrical, Ambient and Mechanical
stress. Particularly, the insulation undergoes simultaneously two or more of these stresses
including high temperatures, high currents and mechanical vibrations. A turn-to-turn or more
commonly known as an inter-turn short circuit (ITSC) is a short circuit that occurs between
two adjacent turns within the same stator winding.

As shown in Figure 2.5a, when an inter-turn fault occurs, a closed circuit in one phase of
the stator windings is created[53]. The stator winding R, is divided into two parts: normal and
faulty, while Ry is the short circuit resistance and i is the short circuit current. Due to the
rotating magnetic field, voltage is induced in the short-circuited coils as described by Faraday’s
law of induction and current starts to flow in the closed circuit of the short circuit. The short
circuit current is much higher than the stator current, even if the severity of the fault is low.
As the fault is not addressed promptly, the rise in current in the closed circuit will result in
local overheating of the coil. Consequently, this overheating can damage the insulation layer of
the adjacent coil, causing the number of short-circuit turns to progressively increase. Due to
overheating, this fault actually burns the coils causing black spots on the surface of them.

An inter-turn short circuit can be detected by analyzing the signal of the stator current.
The stator windings are no longer symmetrical with the occurrence of this fault leading to
unbalances in voltage and current. The amplitude of the short current depends on various
factors, such as the number of short-circuited turns, the synchronous speed and the amplitude
of the magnetic flux density. The fault appears in characteristic frequencies in the stator current
signal spectrum, described by:

fsczfs-[k::tZ(l—s)] where k=2m—1,(m € N+) and n € N+ (2.5)

It has been extracted experimentally that the origin of the stator winding failure often orig-
inates as an unnoticed inter-turn short circuit fault in a coil, which has the potential to evolve
into a phase-to-phase or ground short circuit fault very fast, resulting in high motor temper-
atures and additional irreversible demagnetization of the magnets. Therefore, it is essential
to assess the ITSC fault characteristics in PMSM to provide early detection of stator winding
issues and prevent catastrophic failures through a controlled shutdown process.
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Figure 2.5: An inter-turn fault in comparison to all stator windings faults [36]

2.4 Condition monitoring

Condition monitoring plays a vital role in ensuring the reliable operation of electric motors. It is
a proactive maintenance strategy that involves constant monitoring of equipment and systems
to detect signs of potential faults or deviations from standard operating conditions. Condition
monitoring is a key approach to predictive maintenance, seeking to pinpoint potential issues
before they escalate into motor failure, thereby averting significant downtime and associated
costs. Common parameters monitored are vibration, temperature, magnetic flux, humidity and
current[54].

Condition monitoring relies on the collection and analysis of data from various sensors and
monitoring devices. These devices are strategically placed on the motor to measure different
parameters such as vibration, temperature, pressure, electrical signals and more. The collected
data is then analyzed to identify anomalies, patterns and trends that indicate potential faults.
Sensors are installed on the motor in critical areas or positions where they can capture relevant
data. The selection of the sensor type depends on the application used. Sensors constantly
gather data either in real-time or at regular intervals. The collected data is analyzed using spe-
cialized software or algorithms to compare data with historical trends to help identify anomalies
or indicators of potential defects. If the analysis detects abnormal behavior or faults, alerts or
notifications are raised by the monitoring software to inform of the need for maintenance. If
proactive maintenance is implemented these abnormalities can be fixed, achieving optimized
performance.

2.5 Fault diagnostics

If valid inspection and preventive maintenance are not achieved, then potential defects can
evolve over time and cause damage to the machine. Fault diagnostics are methods used when
a fault has already occurred in the motor and is in an early stage of severity. The main idea
behind diagnostics is to find the causes behind a fault while the motor is still operational
so that a potential malfunction or breakdown of the motor can be prevented. That is why
these techniques are only implemented in conditions where the defects do not cause immediate
breakdown of the machine. Any possible fault will produce an asymmetry in the magnetic
field, which will be passed on to the electrical, magnetic and mechanical spectrum waveforms.
All diagnostic techniques that are going to be listed have a common start, as they all aim to
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use signal analysis methods to detect the fault in the form of harmonics [55]. Harmonics are
integer multiples of the fundamental frequency fo, which corresponds to the normal operating
speed of the motor, which can indicate motor issues. Typical methods are motor signature
current analysis (MCSA), torque or magnetic flux monitoring, vibration analysis, Park’s vector
approach and others, each of them applied to an electrical, magnetic, or mechanical fault
respectively. Other diagnostic techniques make use of mathematical modeling or, more recently,
algorithms and methods of artificial intelligence (AI).

2.5.1 Motor current signature analysis

The most widely used tools for identifying PMSM faults are methods that perform frequency
domain analysis. The time domain signal is transformed into its frequency spectrum, and
then, compared to the frequency amplitude and phase of healthy state machines, faults can be
detected. The idea behind these methods is that faults create harmonics in the current signal
that are not easily observed in the time domain. Signal processing in the frequency domain,
particularly through Fast Fourier Transform (FFT) is well-established and remains a widely
used diagnostic approach. Among them stands motor current signature analysis (MCSA),
a method that is based on monitoring and recording the stator current in the steady state
with the following spectrum analysis of the current signal in the frequency domain using FFT.
The prevalence of this method is attributed to its simplicity, security, cost-effectiveness and
capabilities of online and remote machine state monitoring. In PMSM, the use of this method
can indicate stator winding defects, rotor eccentricity and demagnetization fault[56].

For the diagnosis of PMSM stator winding faults, the amplitudes of the characteristic fre-
quency components of the inter-turn short circuits in the spectrum of stator current are moni-
tored. A rise in the amplitude of the frequency components will occur as a result of the fault,
described by:

k
fitse = fs- (1 £ =) where k=+1,42,43,... and p: pole pairs (2.6)
p

Moreover, an inter-turn short circuit can lead to increased amplitude in slot harmonics, which
are additional harmonic components due to the slots of the stator core. They are calculated
by:
N,
fitsea = fs - (1 £ k=) where Ny :the number of stator slots (2.7)
p

According to [57], the most significant indicator for the occurrence of this fault is the third
harmonic 3f,, as there is a high increase in its amplitude. The magnetic field asymmetry leads
to current unbalances which appear as an increase of the third harmonic of the stator current.
The negative sequence current is the current that arises due to unbalanced conditions such as
ITSC faults and refers to the component of current that flows in the opposite direction of normal
positive sequence currents of phases A, B, C in a three-phase system. The negative sequence
current interacts with the fundamental harmonic of the rotor and produces an oscillating torque
with a frequency twice the fundamental. The oscillation of the turns causes field components
with frequency three times the fundamental, relative to the stator.

Another diagnostic method for indicating I'TSC faults is the use of symmetrical components
of the stator phase current. The three-phased balance indicator is:

fi=\1o— |+ |Ih — I.| + |I. — I,|, where I, Iy, 1.:the three phase currents (2.8)

Assuming that I, I,,s, I.s are the stator current components of positive sequence, negative
sequence and zero sequence respectively in a three-phase system. Under healthy-state operation,
the positive sequence current is equal to the total phase current, while the other two components
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are equal to zero. When a stator fault occurs, there is an asymmetry of the three phases, as one
of them has less impedance than the others. There is a significant increase in the amplitude
of the frequency f, in the negative sequence component. The positive sequence current on
the contrary remains untouched by this type of fault. As a result, the zero sequence current
component is no longer equal to zero. The equations that describe the positive sequence,
negative sequence and zero sequence stator currents are respectively[58]:

_Ia—i—a-fb+a2-fc

I, 2.9
D 3 ( )
L+a® I+a-L
[y =24 2 ta (2.10)
I +1,+ 1.
I, = +3”+ where a = 1/120° (2.11)

For accurate detection of the severity of the fault, both the current and voltage negative se-
quence harmonics should be considered. However, this method can be not so reliable as there
are factors that can lead to incorrect estimation of the negative sequence current and sub-
sequently to false positive diagnostic alarms. These factors include the wrong calibration of
the equipment, asymmetry of power supply, inherited asymmetries of the windings and motor
temperature.

MCSA is a widespread method for the diagnosis of eccentricity as well. The mechanical
misalignment causes distortions in the magnetic flux distribution inside the motor and thereby,
corresponding current harmonics are induced in the stator current. The characteristic frequency
components for all categories of eccentricity faults in PM motors are defined as:

2k —1
.]cecc:fs'(]-:t

), where k=0,1,2,3,... and p: pole pairs (2.12)

It has been proven that the harmonic at fs(1 — %) is more associated with static eccentricity,
while the harmonic at f(1 + %) is linked to both static and dynamic eccentricity. When only

dynamic eccentricity occurs, harmonics appear at integer multiples of the frequency %.

A variation of this method applied for detecting eccentricity is Static Fault Diagnosis - Motor
Current Signature Analysis (SFD-MCSA). It is an off-line diagnostic tool mainly used for static
eccentricity in induction motors or PM motors with a slotted design that generate Principle
Slot Harmonics (PSH). Principle slot harmonics are harmonics in the current waveforms due
to the interaction of the stator slots with the winding currents and are affected by the number,
shape and geometry of the slots or the distribution of the windings. This method is proper
for static eccentricity as this fault originates from the manufacturing quality of the motor and
not from its operating conditions. The PSH were proposed to be associated with the following
formula, which later was proven to be associated with other types of faults as well:

k
fsiot = fs- (1 £ =) where k=1,2,3,: representing the harmonic order (2.13)
p

Last but not least, MCSA is applied to detect early-stage demagnetization faults of the
permanent magnets. The appearance of disturbances in the magnetic field of the permanent
magnets results in distortion of the distributed sinusoidal magnetomotive force. Hence, the
magnetomotive force in both normal and faulty states will generate a current containing multi-
ple frequencies, which means that additional harmonics emerge in the stator current spectrum
around the fundamental supply frequency. The characteristic frequencies for demagnetization
faults include the following harmonic components:

k s
faem = fs- (1 £ =) = fo £ kf, where f, = Js : the rotational frequency and k=1,2,3,...
p p

(2.14)
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The suitability of that method lies in the fact that a rise in the degree of demagnetization of
the magnets leads to an increase in the amplitude of the stator current harmonics. However,
the visibility of demagnetization symptoms is heavily dependent on the winding configuration
and in certain cases, there might not be any harmonics other than those present in a healthy
motor due to inherent natural asymmetries in the motor.

In summary, MCSA is a widely adopted diagnostic tool applied for detecting both electrical,
mechanical and magnetic defects due to the benefits it presents. Although it can alert for the
presence of a fault, sometimes it is almost impossible to distinguish the three types of failures
by only analyzing the stator current, as all of them present harmonics at the same frequency
components. For that reason, other diagnostic methods are also implemented, or Finite Element
Analysis (FEA) is used, a numerical method where a complex structure is decomposed into finite
elements, each of them tested under different parameters and conditions.

2.5.2 PVA and EPVA

The Park’s Vector Approach (PVA) is a classical method applied to any three-phased device for
asymmetries detection caused by stator winding faults. The method is based on the splitting
of the current into the quadrature and direct axes, so that the geometric locus of these two
components can be formed[59]. Under ideal conditions, the geometric locus of the two current
components should be a circle. However, in the case of an inter-turn short circuit fault, an
asymmetry is created between the three phases, distorting the geometric locus. The d— and
g— axis currents are calculated by the following formulas:

V2. 1 1

o= Iy = @IMcos(wt) (2.15)

_[ g 7’La — 42 -
d \/3 \/6 ’ \/6 2
1. I V6 T
Iq = ﬁlb - ﬁlc = Iq = TIMCOS(Wt - 5) (2'16)

where 1,,1p,7.: the three phase currents and I,;: the maximum amplitude of the positive
sequence current

In the case of an electrical fault, the geometrical locus looks more like a ring. The direction
of the distortion can identify the fault that occurred. When the shorted turns are in phase A
the Park’s vector locus is directed more to the upper left. Conversely, when the short-circuited
turns are in phase B the locus is directed more to the upper right, while the locus is shifted
downward if the fault occurs in phase C.

The Park’s Vector Approach has been further extended so that it led to the formation of
Extended Park’s Vector Approach (EPVA). EPVA[60] is a developed method to upgrade the
diagnostic capabilities of the PVA. It is characterized by increased sensitivity to the severity
of the electrical fault. This method uses a modulus current which is calculated from the two
currents in the d— and ¢— axis according to:

]mod - \/](% + [(? (217)

The idea is that an inter-turn short circuit fault leads to an asymmetry between the three
phases of the windings. This causes harmonics to appear in the spectrum of the modulus of
the Park’s vector, at frequency components at 2kf,, where £ = 0,1,2,3. As the number of
short-circuited turns increases the amplitude of the modulus current harmonics also increases.
In a healthy motor, the two current components I and I, have a phase difference equal to 90°,
which means that they are perpendicular to each other. Hence, the I,,,,4 current has only DC
component. It is noted that for the spectra of the current components in these two approaches,
the FFT is used.
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2.5.3 Vibrations analysis

Vibrations analysis is a method based on analyzing the electromagnetic vibrations sources of
PM motors. Its application primarily lies in the detection of mechanical faults. Vibrations and
acoustic noise are inherent features in PMSM, as various factors produce them even in normal
operation. Cogging torque, torque ripples and radial forces contribute to the vibration of the
motors. These electromagnetic sources exhibit distinct harmonic orders that correlate with
the natural frequencies of the PMSM'’s stator. Consequently, a thorough examination of the
harmonic orders associated with each electromagnetic vibration source during the design phase
allows for targeted efforts towards a substantial reduction of vibrations and acoustic noise.
Similar to MCSA, this method uses the FFT to examine the harmonics of these sources[61].
To measure the vibrations, an accelerometer can be installed on the engine.

Under normal operation, the stator vibration frequency is expected to be twice the fre-
quency of the power supply. The occurrence of an inter-turn short circuit fault or three-phase
asymmetry in the stator windings can introduce magnetic field asymmetry, leading to irregular
vibrations. This, in turn, generates harmonic components at 4f; and 8f; in addition to the
fundamental frequency at 2f; in the vibration signal. Thus, the fault signatures are exhibited
at frequencies at 2k fs, where k = 1,2,3,.. ..

Regarding mechanical faults, vibrations analysis is considered the most effective diagnostic
tool. When a local mechanical failure, such as a broken bearing, occurs in the motor, it comes
into contact with other parts of the motor and produces a shock pulse in the vibration. The
equations that relate the vibration frequency for inner race, outer race, ball faults and cage
faults in the bearings are respectively:

fin = Néfr-(l—l—gcosa) (2.18)
fout = N2f (1- gcosoz) (2.19)
foar = Déf’“ - (gcos a)? (2.20)
feage = ]; (1 - gcos @) (2.21)

where f,: the rotational speed, N: the number of rolling balls between the inner and the outer
ring, d: the rolling element diameter, D: the pitch circle diameter and a: the contact angle of
the bearing

2.5.4 Stray flux monitoring

Stray flux monitoring involves the measurement and analysis of stray magnetic flux in an
electric motor. Stray flux[62] refers to the magnetic flux paths that deviate or stray away
from the intended or designed magnetic circuits inside the motor. In an ideal electric motor,
the magnetic flux generated by the stator windings should follow a specific path, linking the
stator to the rotor to produce torque and drive the motor. However, some magnetic flux might
deviate from this specified path and create stray flux. In stray flux, the magnetic field lines
travel outside the stator core and can be either radial or axial. Stray flux is associated with
increased losses, inefficiencies and abnormal mechanical forces.

Monitoring stray flux can be a diagnostic tool, as changes in the stray flux patterns can be
indicative of certain faults. When applied to PMSM, it can determine shorted turns, air gap
eccentricity and magnet demagnetization. Techniques for stray flux monitoring include the use
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of sensors, such as Hall effect sensors or magnetic field sensors, like those in Figure 2.6, placed
radially, axially, or in a combined orientation to measure magnetic fields and identify areas of
stray flux. Numerical simulations and models can also be employed to predict and analyze the
stray flux behavior.

Practically, the stray magnetic field is the attenuated air gap magnetic field. The frequency
characteristics of this residual magnetic field are important to analyze as the energy conversion
takes place in the air gap of the motor. In case of an ITSC fault, the current flowing through
the shorted turns affects the magnetic field, as it increases the magnetomotive force near the
shorted turns resulting in increased magnetic flux near these turns. By monitoring the stray
flux with the applied sensors externally, the stator faults can be detected and the faulty coil
to be located. Similarly, mechanical and magnetic faults can be detected. The vibration and
noise that appear, lead to magnetic asymmetries that define fault signatures in the magnetic
flux spectrum.

Radial flux

+— sensor \

Axial flux
sensor

Figure 2.6: Placement of axial and radial flux sensors [63]

2.5.5 Torque and power monitoring

Numerous techniques can be applied at steady state conditions as diagnostic methods. Among
them is torque monitoring which offers fault signatures in the same frequency components
with vibrations analysis. This method typically involves installing torque sensors on the motor
shaft that measure the torque applied to the shaft or transmitted through the drive train and
then convert mechanical torque into an electrical signal. The torque signal is acquired and
processed to monitor the motor operation. However, the installation of torque sensors is both
expensive and not practical, so it is preferred to estimate the torque signal. The signal of the
electromagnetic torque is estimated as a function of measurements and calculations of stator
currents and voltages in the direct and quadrature axes.

Power monitoring involves the measurement and analysis of electrical power input and
mechanical power output during motor operation. Particularly, it can be used to measure the
active, reactive, or apparent power parameters, to calculate the power factor for how efficient
the motor energy consumption is. To monitor the power, sensors are installed in the electrical
supply lines to calculate the power input using the formula: P;,, = V x I xcos ¢. Simultaneously,
the mechanical power output is measured by monitoring the motor’s shaft rotational speed and
torque. It is calculated using the formula: P,,, = T x w. The power conversion efficiency
indicates how effectively the motor converts electrical power into useful mechanical power and

is equal to
. Pout . T x w

P, VxIxcos¢

(2.22)
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2.5.6 Thermography and speed monitoring

Other methods use sensors or devices as well, such as thermography or speed monitoring. These
methods are useful as supplementary tools to assist with condition monitoring and fault diag-
nosis. Thermography uses digital thermometers and thermal imagers or infrared cameras to
record temperature data in different parts of the motor[64]. When a fault occurs, it reveals a
specific heat signature that can help to locate it. Speed monitoring involves installing tachome-
ters, resolvers and encoders to record the position and angular information of the motor’s shaft
that are related to the motor speed. The procedure of thermography via an infrared camera
with the images it produces are shown in Figures 2.7 and 2.8 respectively. Variations in all
these methods from usual data are indicative of potential faults.

Figure 2.7: Examining a motor with thermography [64]
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Figure 2.8: A real image of a motor with its thermographic image [64]
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3 Diagnostics methods applied to accelerated ageing

Among the components critical in the performance of electric propulsion systems, the insulation
systems arguably stand out as the most crucial factor. There are numerous materials used for
insulation purposes around the conductors with different key technologies each depending on the
application. The components that constitute an insulating system are responsible for certain
procedures that involve not only protection of the stator windings but also heat dissipation
from conductors and mechanical support, as they can decrease the mechanical vibrations in the
conductors caused by magnetic forces[65].

Consequently, pole insulation of traction motors undergoes several stresses, the intensity
and impact of which are contingent on the specific application. Electrical, thermal and me-
chanical factors contribute to these stresses, which gradually lead to insulation degradation
by accelerated aging of the insulation materials. Local incipient defects within the insulation
layers present a notable threat to the machine, as they can evolve rapidly into more severe
faults, potentially leading to a failure of the entire insulation system. The consequences of in-
sulation failure can be catastrophic, elevating the risks of accidents by compromising electrical
safety. The most common failure is the stator inter-turn short circuits, in which high currents
flow through the defected stator windings. Moreover, downtime resulting from repairs and
time-consuming repairs incur significant costs. Therefore, it is necessary to select the material
combinations capable of withstanding these diverse stresses in the design of insulation systems.

Many diagnostic tests have been developed to assess insulation conditions and forecast
their remaining lifespan. These evaluations serve as the basis for informed decision-making
about maintenance, rewinding, replacement, or repair. Insulation testing and monitoring can
be conducted offline, online, or as part of scheduled and periodic inspection and maintenance
activities. Some of the most widespread insulation tests are the insulation resistance test,
polarization index, surge test, partial discharge, high voltage test, dissipation factor or tand
measurements. By the proper implementation of these tests, the insulation systems can be
protected from further aging and material degradation.

3.1 Insulation systems

Insulation systems of stator windings in PMSM exhibit unique features aimed at preventing
certain faults that lead to catastrophic motor breakdown including inter-turn short circuit
faults, copper losses and heat dissipation from the conductors. They also help prevent vibrations
and noise, caused by mechanical forces.

One of the most crucial factors that affect the machine cooling and thereby the electrical
load is the thickness of the insulation layers. This thickness is referred to bibliography as thin
film[66]. Thin film insulation is a coating characterized by its thin and lightweight nature
that has thermal resistance properties due to its low thermal conductivity. It is designed to
provide high thermal resistance while minimizing the insulation layer thickness. This results in
design compactness, low manufacturing costs and high efficiency in terms of torque production.
The thin film can be composed of several materials, such as polymers, foils, or composite
materials. The thinness of the film does not compromise its insulating properties but it usually
relies on advanced materials and technologies to maintain efficient thermal resistance. These
materials may incorporate reflective layers to reduce radiant heat transfer or utilize low thermal
conductivity materials to impede thermal flow. The thin film composition highly depends on
specific requirements and environmental conditions.

The nature of the insulation is also determined by the formation of the stator windings.
There are two main types of stator windings, the random-wound and form-wound, a cross-
section of which is depicted in Figures 3.1a and 3.2 respectively[67]. As shown in Figure 3.1b,
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the random-wound configuration consists of conductors of enamel wires, separators for phase
insulation, slot liners and slot wedges. The conductors are circular insulated coppers wrapped
around randomly within the stator slots adjacent to each other. Typically, random-wound
windings are equipped in machines with a power rating of several hundred kilowatts and a
voltage level less than 15£V. This random distribution of the stator coils can lead to a scenario
where the turn connected to the input terminal is adjacent to the turn connected to the low-
voltage neutral point. The first turn has a high voltage value while the other one has a very low
value, meaning that a significant voltage difference will arise and therefore thicker insulation
layers are needed. In contrast, form-wound windings are manufactured from rectangular copper
strands. The conductors are pre-shaped, giving them the proper geometry and pre-insulated
with secondary insulation before being inserted into the slots. The greater advantage of this
configuration is the fact that conductors can be deliberately arranged to minimize the voltage
between adjacent turns in the same coil, allowing the layers of turn insulation to be extremely
thin.

1" Turn 3 Turn

2" Turn 4" Turn

Enamel wire

Separator

Slot liner

Slot wedge

(a) (b)

Figure 3.1: Cross section of a random-wound coil [67]
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Figure 3.2: Cross section of a form-wound coil [67]
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Insulation systems are composed of different components that are manufactured from a wide
range of materials. The most important components are strand insulation, turn insulation and
groundwall insulation. In Table 3.1 there is a categorization of the components used in each of
the two main configurations of stator windings.

Random-wound coils Form-wound coils
Strand /Turn insulation Strand insulation
Phase insulation Turn insulation
Groundwall insulation Groundwall insulation
Slot wedge Slot wedge
Coil separator Top, Mid-stick and Bottom packing
Adhesive tapes Blocking and bracing
Finishing varnishes VPI Resin and resin-based technology
Impregnating resin Semiconductive coating

Table 3.1: Insulation components in the two types of stator windings

Strand insulation involves the segmentation of the copper conductors into smaller bars due
to mechanical and electrical reasons. Unlike form-wound coils, in random-wound coils the
strand and turn insulation are the same. A conductor in a large machine must have a large
cross-section to carry the current, but it will be difficult to bend to create the coils. This is
solved by dividing the conductor into smaller ones. In addition, it reduces the skin effect, so
the conductor resistance is not affected during its operation in AC. The electrical losses are
reduced, including the reduction of higher harmonics and eddy currents, so high efficiency is
achieved. Strand insulation adjusts voltages between adjacent strands.

Turn insulation protects the turns from short circuits between them. Inter-turn short circuits
pose a hazard to machine operation and have the potential to lead to a ground-wall fault. It
is exposed to turn-to-turn, phase-to-ground, coil-to-coil and transient voltage surges. Essential
for withstanding elevated temperatures arising from losses, it must have adequate thermal
properties and mechanical behavior. Turn insulation plays a crucial role in the longevity of the
stator windings.

Groundwall insulation is responsible for separating the copper conductors from the grounded
stator core. It protects the surface of the stator core, slots, teeth and end-winding. If the
insulation fails, a relay is activated to disconnect the machine from the mains. Groundwall
insulation must have good thermal, electrical and mechanical properties. The insulation is the
pathway of heat transmission from the conductors to the core, so it must have high thermal
conductivity to avoid high temperatures in the conductors, while it receives the total phase
voltage on it. Air gaps must also be avoided, which increase the thermal resistance of the
insulation that changes the chemical properties of the materials. Moreover, powerful magnetic
forces act on the conductors resulting in a force equal to:

2 2
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where c: a constant, d:the slot width and I:the RMS current of the conductor.
Some pole windings contain a Nomex layer, a kind of properly designed insulation paper that
offers high inherent dielectric strength, mechanical toughness, flexibility and resilience. It
separates the inner part of the coils from the core of the pole and finds strong application in
permanent magnet synchronous axial flux motor topologies. It is used as a fabric in both fiber
and sheet forms where resistance from heat and flame is required.

Other parts of the insulation system are slot liners and slot wedges, which provide mechanical
support for the coil inside the slot. In form-wound coils, there are semiconductive coatings and
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stress relief coatings, which are vital for defense against mechanical and thermal stresses. These
coatings are manufactured from semiconductive materials like silicon carbide mixtures or silicon
resins.

3.2 Insulation materials

Various materials can be used as components of an insulation system. They can be categorized
into organic and mixed organic/inorganic materials. The first category includes materials based
on polymers such as polyimide(PI), polyamide-imide (PAI), and polyesterimide (PEI) [68] that
are mainly used in low-voltage machines. The second category consists of materials that are
used in high-voltage applications and are more tolerant in partial discharges, a phenomenon
that will be analyzed later. Table 3.1 summarises the most common materials used for the
different components of the insulation systems.

COMPONENT MATERIAL
Strand insulation Enamel/Heavy polyester /polyimide/polyamide-imide/
polyester or glass fabric tape and combinations
Turn insulation Kapton/polyimide/mica/epoxies and
combinations in films
Groundwall insulation Mica/Impregnated PET /epoxy resins
Slot wedges Silicone/epoxy resins/rubber/glass filled epoxies
and combinations
Slot insulation Impregnated PET /Nomex/mica/PET films
and combinations
Impregnating resin Polyester /polyester-imide/ polyurethane
Semiconductive coating Silicon carbides and combinations of
semiconducting materials
VPI Resin/resin-rich technology Varnishes/alkyd resins/silicone resins/
polyester/polyester-imide/polyurethane
Finishing varnishes Isophthalic acid/Alkyd resin

Table 3.2: Common materials found in the insulation components

In many high-performance machines, once coils are placed into the slots, an encapsulation or
potting process typically is employed. This involves immersing the winding in a polymer/epoxy
resin or varnish. In certain instances, these resins may be infused with particles like alumina.
The objective of such procedures is to eliminate air voids and enhance dielectric strength,
mechanical durability, thermal conductivity and heat dissipation. The process of impregnat-
ing the coils with epoxy resin is known as winding impregnation. Hence, epoxy resin found
broad application in the electrical industry due to its dielectric resistance and strong corrosion
resistance[69]. Much research has been done to study epoxy resin’s insulation characteristics
under different AC voltage frequencies to enhance its performance.

The materials used for insulating purposes in electric motor applications can be categorized
into classes, depending on the maximum allowable temperature that can be exposed during
motor operation. The materials that belong to the same class usually present similar -if not the
same- chemical properties and dielectric strength. The division of these classes has been formed
according to NEMA standards, the National Electrical Manufacturers Association. They are
presented in Table 3.3 with their respective temperature limits. The second column of the table
shows the maximum winding temperature of each class, while the third column presents the
index at which if the allowable temperature is exceeded the insulation continues to work steadily
reducing its lifespan until it fails. Of these classes, classes B, F' and H are most commonly used,
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as the temperature limits of class A limit the range of applications in which it can be used.
There is also class C which has the highest thermal resistance and is used in more recent and
modern traction applications but does not follow the NEMA standards. It is necessary to
choose the right materials for importing tapes, polyester compounds, papers and insulating
tapes to ensure the service life and reliability of insulation systems.

NEMA Maximum Hot Spot | Relative Thermal
Letter Class Temperature Allowed | Endurance Index
Class A 105 °C > 105 to 120
Class B 120 °C > 130 to 155
Class F 155 °C > 155 to 180
Class H 180 °C > 180 to 200
Class C (NOT NEMA) >180 °C > 220 to 250

Table 3.3: Categorization of insulation classes

3.3 Insulation degradation

Insulation systems in the stator windings are subjected to various stresses during motor oper-
ation [70]. Inside the motor, high currents flow through conductors and mechanical vibrations
occur in the coils of the poles of the motor. These result in increased temperatures and heat
that affect the insulation layers. These stresses are known as TEAM stresses, an abbrevia-
tion for Thermal, Electrical, Ambient, and Mechanical stresses. While thermal, electrical and
mechanical stresses are easy to relate to the phenomena mentioned at the beginning of the
paragraph, ambient stress is not exactly a stress but represents the environmental conditions
to which the insulation is exposed and includes the effects of dust and moisture. Usually, the
machine is not solely subject to one stress, but some combination of them occurs or one stress
leads to the others. The intensity and impact of each stress varies, which makes the aging
profile unpredictable.

The thermomechanical and electrical loads are the reason for the existence of local hot spots
within the motor[71] due to inherent manufacturing defects. As the manufacturing process is
not ideal, some minor insulation damage may occur in the early stages of coil production. This
damage can result from deformation during bending and pressing. Hot spots are localized areas
where the temperature is significantly higher than the surrounding areas. These often lead to
wear, puncture, or detachment of the insulation, as the high temperatures result in changes in
the chemical composition and dielectric properties of the materials [72]. The dielectric materials
have a certain temperature point at which they can withstand high temperatures. When the
electric motor operates at a temperature above the allowable winding temperature, the service
life will always be reduced. In fact, an increase of 10°C above the maximum allowed can halve
the life of motor insulation. The thermal stresses are the main reason for the delamination
effects of the insulation layers. The purpose of the motor insulation classes, which were analyzed
previously, is to describe the insulation capacity of the motor winding to handle heat.

Also, high currents and voltage surges, which are sudden rises in voltage that only last for a
very short amount of time, can break the insulation layers and thereby inter-turn short circuit
faults can occur, which if they are not diagnosed in time progressively lead to motor failure. In
the case of voltage surges, the voltage can reach 10% or above the nominal voltage and they
are typically caused by rapid changes in heavy electrical loads or magnetic interference of stray
flux.

In the following images, some common insulation defects are presented[73]. In Figure 3.3,
damage to the tape occurs before it is applied to the coil. The mica layer is separated from the
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supporting backing tape during unwrapping from the roll.

Figure 3.3: Coil cross section showing tape damage before applied to the coil [73]

In Figure 3.4, air voids and delaminations are visible in coil groundwall insulation due to
issues in manufacturing processes or gradual degradation because of thermomechanical stresses.
Delamination refers to the separation of layers in layered and laminated materials. As the
insulation layers are no longer tightly connected with resin, air is trapped between the turns of
the coil. Air voids are pockets or spaces within an insulation material where air is trapped due
to delamination.

Figure 3.4: Coil cross section showing voids and delaminations [73]

In Figure 3.5, deformations called wrinkles and folds are caused by improper taping in the
insulation layers. Tape wrinkles are mostly created during the taping process. Wrinkles are
small folds or creases in the insulation material that can create localized thickness variations in
the insulation, reducing its effectiveness and potentially allowing for the penetration of moisture
and contaminants. Folds are larger bends or overlaps in the insulation material that create weak
points against the consistent protection of the coil.

In Figure 3.6, other deformations are shown that are named sharp edges. Sharp edges refer
to points or lines where the insulation material forms a sudden and acute change in direction,
creating a narrow or pointed feature. Sharp edges are the product of local insulation overpress
due to tooling issues during the manufacturing process. They may lead to stress concentration
points, where the insulation is more susceptible to tearing or wearing over time.
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Figure 3.5: Coil cross section showing wrinkles and folds [73]

(a)

Figure 3.6: Coil cross section showing sharp edges [73]

The insulation was manufactured with either Vacuum Pressure Impregnation (VPI) or Resin
Rich (RR) processes, two processes used for insulating electrical components with resin. In
the first process, a vacuum chamber is used to evacuate the air from the chamber where the
component is placed, creating a vacuum and when a desired vacuum level is reached the chamber
is filled with insulating resin, which is then pressed and soldered. The vacuum contributes to
removing air from the pores and voids within the component. The second process involves
reinforcing materials with a high ratio of resin, creating a protective layer of resin on the
surface of the component.

3.4 Partial Discharges

An important factor that affects the insulation system is the existence of air voids in the ground-
wall. Air pockets in the insulation would allow for vibrations in the conductors leading to the
deterioration of the insulating system. Air movement through insulation diminishes its effective-
ness because it increases convective heat loss. Delamination enables air to be trapped between
the turns of the coils, which contributes to the appearance of partial discharges (PD)[74]. Par-
tial discharges are electrical sparks that occur in air gaps in the insulating material due to
the non-uniform distribution of the electric field. The term ”partial” refers to the fact that
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they only involve a portion of the insulation, rather than a complete breakdown of the entire
insulation system. These localized dielectric discharges occur as they do not bridge the two
conductors perfectly under the presence of high voltages of the order of a few kV. If there is an
air void in the groundwall, the high electric field stress causes a breakdown of the air leading
to sparking. lonization of the air takes place as it becomes conductive by allowing charge to
continuously leak off the conductor into the air. The electrons and ions of the spark cause pre-
mature aging of the insulation and if not detected and fixed, they progressively perforate the
insulation leading to failures. Therefore, delamination defects must be prevented with proper
systems.

Partial discharges can occur in gaseous, fluid, or solid insulating mediums [75]. The main
difference between them is that in fluids such as the air, partial discharges are visible while
in solids they are invisible. Two main phenomena are characteristic in fluids the Corona
Discharge (CD) and Brush Discharge (BD). Corona discharges occur when the electric field
strength surrounding a conductor surpasses the dielectric strength of the air (or other fluid).
The phenomenon is observed due to the radiating bluish glow in the air that emits light next
to the pointed metal conductors. While corona discharges occur at sharp points and edges,
usually with a radius smaller than 1mm, brush discharges occur at a curved electrode [76]
with a radius between 5 and 50mm. Brush discharges are characterized by numerous luminous
writhing sparks and plasma streamers formed by ionized air molecules, that repeatedly strike
out from the electrode into the air. They are usually accompanied by crackling sounds. The
streamers spread out, creating a visual resemblance to a ”brush”. These two types of discharges
are illustrated in Figure 3.7.

(a) A Corona Discharge in transmission line (b) A Brush Discharge in a coil

Figure 3.7: Partial discharges phenomena in air [76]

Similar phenomena may occur in solid insulation materials like epoxy resin. Electrical
treeing is the term for the electrical pre-breakdown phenomenon in solid materials [77]. It
progresses through the stressed dielectric insulation in a path resembling the branches of a
tree. Impurities and defects create excessive electrical field stress that ionizes the gases in the
voids within the bulk dielectric, causing small electrical discharges between the walls of the
voids. Ultraviolet light and ozone from the discharges can react with the nearby dielectric,
leading to decomposition, further degradation of the insulating capabilities, and new cracks
and voids appearing. In the pictures below in Figure 3.8, a needle is used to create partial
discharges in a polymer-based material, pinpointing that the curvature radius of the needle can
change the morphology of the "tree” [78]. As time passes by, the tree becomes more and more
dense.
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(a) Electrical tree in a "tree” shape (b) Electrical tree in "bush” shape

Figure 3.8: Partial discharges morphologies in polymers [78]

Solid insulating materials can contain voids or cavities in the medium between the electrodes
and the dielectric. Two conductors or a coil with the grounded core in our case can be considered
as two parallel plates with the solid material between them. Hence, a capacitance is formed
between these plates and can be expressed by the dielectric constant of the material, which
is the ability of the material to store energy. The dielectric constant is correlated with the
permittivity of the material as a ratio to the permittivity of the vacuum, which is expressed as:

k=¢ = - (3.2)
0 where k: the dielectric constant, €,: the relative permittivity, e: the permittivity of material
and ¢,: the permittivity of vacuum = 8.85 x 107'2F/m. These voids have a dielectric constant
of one, the relative permittivity of air, and exhibit a lower dielectric strength compared to
the surrounding material. Consequently, the electric field strength within the voids exceeds
that of the dielectric material. Therefore, even under standard operational voltages, the field
within the voltages can surpass their breakdown threshold[79]. The breakdown threshold is
a characteristic of the dielectric materials. When the voltage across the void surpasses the
critical threshold, a discharge is triggered causing the voltage to drop rapidly. This discharge is
extinguished shortly after, typically within 0.1 microseconds. The voltage in the voids begins
to rise again and discharges recur. Therefore, the frequency of these discharges is strongly
dependent on the applied voltage.

During each discharge, heat is generated in the voids leading to carbonization of the void
surfaces and corrosion of material. The gradual corrosion and consequent reduction in the
thickness of the insulating material eventually lead to breakdown. This breakdown process
unfolds slowly and may extend over a long period of time.

The equivalent circuit of a bulk dielectric, featuring a cavity, can be visualized in Figure
3.9 as a capacitive voltage divider with an additional capacitor in parallel [80]. Under healthy
conditions, there will be only the capacitance Cy that represents the capacitance of the healthy
dielectric material in parallel to C}, that represents the capacitance of the rest of the insulation.
In series with the Cj is C. which represents the void. The gap parallel to C. shows that void
collapses after applying sufficiently high voltage across it. If voltage V; is applied then:

Zvoid Cb
Zvoid + Zins C'b + Cc

It can be shown that partial discharges depend not only on the voltage but also on the electric
field. It is essential to calculate the respective electric field intensities in the previous equation

V;)oid = ‘/c = ‘/0 (33)
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in case we want to predict whether a discharge will occur. The capacitance and electric field
intensity are given by the formulas:
A \%4
= 6—, where ¢ =c¢c,e, and FE=— (3.4)
d d
where A:the width of the conductors, d:the distance between them and V:the voltage dif-
ference between them. So the formula in (33) can be transformed to:
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Figure 3.9: Equivalent circuit of partial discharges [80]

The stator core and coil turn can be considered as two parallel conducting plates. The
negatively charged electrons of the insulation atoms, leave their positions as they are attracted
to the positive voltage plate. This process is called ionization. As the electrons accelerate,
on their way to the positively charged plate, they collide with other atoms which are also
ionized. The positive charges are correspondingly attracted to the negatively charged plate.
The electrons and ions create a conductive plasma that bridges the voltage difference between
the plates and the result is the electrical breakdown of the dielectric.

At room temperature, pressure of one atmosphere (100kPa) and of low humidity, the air
has an electrical resistance of 3kV/mm. If the pressure is tripled, roughly the same will happen
to the voltage. In general, the resistance of gaseous insulation depends on the pressure and
humidity of the gas. In contrast, solid insulators such as epoxy resin and composites of polyester
show resistances around 200 kV /mm, so discharges in these materials cannot occur without air
voids. Partial discharges lead to ion and electron bombardment at chemical bonds of insulation,
especially in organic materials. Over time, a hole will form in the insulation, which will result
in a ground fault.

Some industrial motors contain coatings that prevent the occurrence of partial discharges in
any air void between the windings and the stator core. These coatings are known as groundwall
stress relief coatings. As the width of the windings is smaller than that of the stator teeth,
manufacturers coat the coils with partially semiconductive (semicon) coating, either paint or
tape enriched with graphite. Its resistance is very small since the coating is in contact with the
stator core meaning at ground potential. Hence, the voltage drop across the air void is zero
and partial discharges are eliminated.
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3.5 Diagnostic methods

TEAM and manufacturing stresses affect the health of the insulation systems and exacerbate
their aging, as they contribute to the occurrence of partial discharges, reduced dielectric strength
and chemical properties, delamination, oxidation and severe other electrical faults. Thus, many
diagnostic methods have been adopted as proactive approaches for early-stage detection of
potential faults, preventing catastrophic breakdown of the insulation systems. Diagnostic tests
can be divided into two main categories: the online tests that are performed while the motor is in
operation, presented in Fault Diagnostics, monitoring the deterioration of insulating materials
by capturing real-time stresses, and the off-line tests[81], which involve diagnostic procedures
performed on motor windings when the motor is not in operation. These are applied shortly
after the motor is shut down and disconnected from the power supply. Insulation resistance (IR)
test, Breakdown High Voltage (HV) test, Frequency Impedance Spectroscopy and Dissipation
Factor (DF) measurement are among them. Offline testing helps to identify potential issues
before they escalate, aiming to prevent unexpected downtime, extend motor life and enhance
overall system reliability.

3.5.1 Insulation resistance & Polarization Index test

Insulation Resistance (IR) test is the most frequently utilized method for detecting pole insula-
tion defects. It is also called Megger test[82] from the name of the company that developed the
first measuring system. This test aims to assess the health of the insulation system by measur-
ing the resistance between the conductive components of the insulation. When measuring the
groundwall resistance, it measures the resistance between the turns of the coil and the stator
iron core.

The insulation resistance test shall be carried out following the IEEE 43 standard "IEEE
Recommended Practice for Testing Insulation Resistance of Electric Machinery”[83]. According
to IEEE 43, insulation resistance is a measure of the conductivity of an insulation system and is
defined as the ability of winding insulation to resist direct current. It involves the application
of high DC voltage across winding insulation for 1 minute. It is calculated by dividing the
applied direct voltage of negative polarity by the current passing through the insulation and
taken at a specified time (t) from the start of the measurement. All resistance measurements
must be corrected to use a constant, compensated temperature of 40°C.

For the test setup[84], a high-voltage DC source, typically 500V or 1000V, is connected to
the equipment under examination. The positive terminal of the DC source is connected to
the conductive end of the winding, while the negative terminal is connected to the ground of
the insulation. The voltage is applied for a specified duration, typically one minute, allowing
the insulation to charge. Then, the insulation resistance is measured by a high-impedance
device, the megohmmeter. The megohmmeter applies a specific DC voltage and measures the
resulting current flowing through the insulation. The insulation resistance is calculated using
Ohm’s law R = %, where R is the insulation resistance, V' is the applied DC voltage and [ is the
measured current. Its value can be compared to the manufacturer’s recommended minimum
insulation resistance value. Typically, a higher value indicates better insulation quality. Ideally,
this resistance should be infinite to prevent any current leakage between the copper and core.
However, in reality, insulation resistance has a very high value instead of being infinite. A low
resistance value is a mark of an issue within the insulation system.

To make the measurement less sensitive to temperature, an alternative to the IR test is
utilized, known as the Polarization Index (PI) test [85]. High DC voltage is applied over a
specified time period, typically for 10 minutes. It is defined as the ratio of the insulation
resistance value at the tenth minute divided by the insulation resistance value at the first
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minute, according to the formula:

Ry
Pl = —
Ry

The TEEE 43 standard recommends a minimum PI value of 2.0 for most insulation systems.
The two resistances are calculated using Ohm’s law, but it needs attention as the current does
not remain constant over the time of the measurement.

Four primary current components compose the total current: the capacitance current I,
absorption current [4, conduction current I and surface leakage current ;. By the four cur-
rents, the Insulation Resistance Profile (IRP) can be exported, shown in Figure 3.10, appearing
as an inverse exponential function.

(3.6)

e The capacitance current I decreases exponentially and is equal to:

Ic =1Iy-e 7, where 7= RC (3.7)

This is because when a continuous voltage is applied to a capacitor, initially a high current
flows through it which decays exponentially. The magnitude of the internal resistance of
the source and the capacitance of the capacitor determines the exponential damping.
The IR measurement has been set to a duration of one minute in order to disregard the
effect of capacitive charging. Particularly, a form-wound stator coil can have a capacitance
between the core and conductors equal to 1nF' or a hydroelectric generator may have a
1uF capacitance. It is easy to understand that the current is practically zero in less than
10s.

e The conduction current I is the current that flows due to electrons or ions crossing the
insulation and traveling from the conductors of the coil to the stator core. Conduction
current can be present if the insulation has absorbed moisture. It can also appear if
there are cracks or holes in the insulation and there is contamination such that it creates
a galvanic coupling between the conductors and core. This current is constant in time
and ideally equal to zero. Modern insulation systems lead the conduction current to zero
under healthy conditions. Any deviation from zero indicates a fault.

e The surface leakage current I, is a direct current that flows on the surface of the insula-
tion of the windings. It exists due to external pollutants, such as oils or moisture mixed
with soil, dust, dirt, ash, chemicals, salts, etc that cause current conduction. Ideally,
this current is zero. High values of this current are associated with the rapid aging of
insulation, as there is electrical conduction and heat. Studies have shown that surface
leakage current is high in machines with round rotor windings or in salient pole windings,
in which the excitation winding is exposed.

e The absorption current /4 is the last primary current component. Most dielectric mate-

rials in the insulation system contain polarized dipoles. By applying an external electric
field, these dipoles are aligned. The energy needed for the alignment comes from a current
provided by the voltage source.
When alignment is succeeded, the current becomes zero. This current is named polariza-
tion current and is part of the absorption current. Current also flows through the layers
of the insulating tape. The reason is that there are trapped electrons within these layers.
Experience has proved that the absorption current is initially high and driven to zero
after approximately 10 minutes in modern groundwall insulation systems.

Among the four primary current components, only conduction and absorption currents contain
diagnostic information. If only R;, the resistance that corresponds to the measurement for the
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first minute, is measured, the absorption current has not been equal to zero yet. R; depends
on the temperature, which means that an increase of 10°C decreases the R; from 5 to 10 times.
The Polarization Index can help to mitigate the impact of temperature.
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Figure 3.10: Primary current components of PI test [84]

IR and PI tests can only detect contamination, moisture and some other serious defects.
The current components are not affected the same by the presence of moisture, contamination,
embrittlement and temperature. When moisture is present on the surface of the insulation
system, the surface leakage current I is dominant in the overall test current I7, while the
absorption current /4 becomes negligible. Thus, the insulation resistance and the time in which
this is achieved are dramatically reduced. When moisture is inside the insulation system, the
conduction current I is dominant and the absorption current I, is negligible.

When some kind of surface contamination occurs, the surface leakage current I, becomes
higher than that of a healthy insulation system and causes spikes in the IR profile. In the case
of an insulation system that becomes embrittled, after being subjected to TEAM stresses, the
absorption current I, is affected. The ability of the insulation to polarize reduces, which leads
to a "flattening” of the IR profile.

The impact of temperature on insulation results in changes in the conduction current Ig.
A decrease in the overall insulation resistance, which is caused by an increase in temperature,
increases the conduction current I.

The following table provides a guideline for the DC voltages applied during Insulation
Resistance and Polarization Index tests. The winding rated voltage refers to rated line-to-line
voltage for three-phase AC machines, line-to-ground voltage for single-phase AC machines and
rated DC voltage for DC machines or rotor windings, according to IEEE 43 standards[83].

Winding Rated Voltage (V) | Insulation Resistance Test Direct Voltage (V)
< 1000 500
1000 - 2500 500 - 1000
2501 - 5000 1000 - 2500
5001 - 12000 2500 - 5000
> 12000 5000 - 10000

Table 3.4: A Guideline for DC Voltages to be applied for IR/PI Test
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3.5.2 Surge test

Surge test, also called surge comparison, is a method that tests the integrity of turn-to-turn
insulation of coils, mostly in induction motors[86]. It can directly measure the integrity of
the insulation in any windings topology of stator and sometimes even in rotor windings. It is
applied based on IEEE 522 standard[87]. It is also based on the use of high DC voltage.
Motors powered by power electronics exhibit sudden voltage spikes, which leads to an im-
balanced voltage distribution across the coils. If the occurrence time of these spikes is too
short, the voltage is high enough and there is a weakness in the insulation then there will be
a breakdown leading to a fault. Surge test simulates this phenomenon, as it is a destructive
measurement in which the specimen will either pass or will be destroyed. If the insulation fails
the test procedure, it is automatically assumed that in real conditions it would also fail under
switching conditions, power converter surges, or dynamic phenomena|88]. The test setup for
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(a) Surge Test Setup

(b) Equivalent Circuit for Surge Test
(a) (b)
Figure 3.11: Surge Test Setup with its equivalent circuit [86]

the surge test and the equivalent circuit for it are shown in Figure 3.11. In essence, when the
windings are tested, a fault between turns can be diagnosed due to the change of resonant
frequency. The capacitor is charged by a high DC voltage through the winding. When the
charging of the capacitor is finished, the switch S in 3.11b closes. The stored energy of the
capacitor oscillates the circuit. The resonant frequency, the characteristic frequency in which
the system reaches its maximum degree of oscillation, is:

1
d 27V LC' (3.8)
where L and C are parameters from the circuit.

If there is no fault, then the oscillation frequency remains constant. On the other hand, if
there is a turn-to-turn fault, then the circuit is driven to decrease the circuit inductance and
increase the resonant frequency. This can be detected on the oscilloscope. The surge test can
also be applied comparatively between the three phases.
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3.5.3 High Potential test

A HiPot test, an abbreviation of High Potential test, also known as a Dielectric Withstand test,
is a diagnostic procedure that applies high voltage between the windings and ground. The aim
is to determine the adequacy of the insulation to withstand voltage transients and ensure that
insulation is not marginal. During the test, the insulation resistance and current leakage are
monitored. If the insulation system is intact and has sufficient dielectric strength, it should be
able to withstand the high applied voltage without allowing excessive current leakage. However,
if there are any defects in insulation, such as cracks, voids, or contamination, the high potential
test may reveal them by causing electrical breakdown or excessive leakage current. There are
three main types of HiPot testing, based on the voltage sources used: AC HiPot, DC HiPot,
and Very Low Frequency or shorter VLF at 0.1Hz [89).

DC HiPot involves high DC voltage to be applied in the stator windings. The DC voltage
exceeds the peak AC voltage of the motor under normal operating conditions. The voltage
is gradually increased from zero volts to a specified level and maintained for a predetermined
duration, typically for 1 minute, according to IEEE 95 standards[90]. After that period it is
gradually decreased back to zero volts. A winding passes the test when it maintains the test
voltage for one minute without experiencing insulation breakdown or tripping the overcurrent
protection of the test set. DC Hipot test provides satisfying but limited diagnostic information,
as it can detect insulation weaknesses that are more pronounced under DC stresses, such as
surface tracking or partial discharges. Failures during the DC HiPot test are indicative of the
need for repairs or rewinding, as they indicate a break in the insulation between the coil and
the core.

The AC HiPot test highly resembles the DC HiPot test[91]. The main difference lies in the
fact that AC voltage is applied at 50Hz (or 60Hz with American standards) following NEMA
MG1 or IEC 60034 standards [92]. The AC test voltage increases gradually at the desired level
and is maintained there for one minute. Similar to DC testing, the windings successfully pass
the test if they can withstand the high AC potential for one minute without any insulation
abnormalities being observed. It is considered to be more effective than the DC test, as it can
detect more insulation defects. An alternative to AC HiPot is the Very Low Frequency (VLF)
test, which involves applying a continuous sinusoidal AC voltage ranging from 0.1 to 1Hz. VLF
testing is particularly effective for assessing the condition of high-voltage cables and insulation
systems, as the lower frequency allows for better penetration into the insulation and detection
of defects, such as water trees and partial discharges.

The choice of the type of high potential test varies, depending on different factors[93]. The
use of AC HiPot testing at power frequency has been adopted worldwide for new machinery
due to its ability to reproduce the stress conditions encountered during operation, the perceived
effectiveness of AC testing in locating defects and the ease of access to AC power sources. For
maintenance purposes, both DC and AC tests are employed, with DC testing being favored.
This preference stems from the availability of cheap and small DC power supply sources com-
pared to similarly rated AC sources, the ability to stop tests warning signals are received before
a catastrophic failure occurs and the diagnostic insights gained from controlled testing. Con-
versely, VLF testing appears to be decreasingly used in recent years for rotating machines.
That technique shifted towards cable testing.
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3.5.4 DC Ramp test

Similar to the DC HiPot test, in DC ramped voltage testing a DC voltage is gradually increased
from zero to a predetermined level at a defined ramp rate per minute over a specific time.
The voltage ramp rate, duration and maximum voltage level are selected based on industry
standards [90] or testing objectives. Commonly used rate are 1kV/min or 2kV /min, reaching
up to 15kV in a total period of 15 minutes or in half of that period respectively. The removal
of manual voltage adjustments enhances both voltage control and test sensitivity compared
to the conventional DC HiPot test.[94] By slowly ramping up the voltage, the test focuses on
detecting insulation weaknesses that may not be apparent during steady-state or instantaneous
voltage tests.

During the DC ramp test, the insulation current and the voltage applied are recorded and
plotted in X-Y axes, providing the I-V response curve which is continuously monitored[95]. The
continuous monitoring of the current allows for better control as each measurement is compared
to past value records to detect potential changes or abnormalities in the current. The measured
current can be separated into its leakage, capacitive and absorption components.

If a given voltage U(t) is applied in a linear insulating material, the general equation in the
time domain for current I(t) is:

I(t) = COZOU(“ O el + | s =] (3.9)
and 1(t) = I5(t) + Io(t) + Lups(t) (3.10)

where Cj:the vacuum capacitance, p:the vacuum permittivity, €..:the dielectric constant of the
insulating material and o:its conductivity. The function f4(¢) is the material dielectric response
calculated from the slow polarization process. The analytical solution of the total current I(t)
involves the use of numerical methods.

When a linearly rising voltage is applied, the voltage function is U(t) = at, where a:a
constant, and the capacitive charging current can be assumed constant, since:

av
I = CE = C - a = constant (3.11)
Therefore the capacitive current can be neglected in equation (41). Variations in the rate
of voltage rise will lead to nonlinear changes in the leakage current and consequently to the
measured current. It is crucial to maintain a steady rate and well-regulated high-voltage power
source.

3.5.5 Partial Discharge Analysis

The off-line Partial discharge analysis (PDA) is a method employed to assess the condition of the
insulation by examining electrical discharges within the insulating material. These discharges
are absent or negligible in well-built stator windings that are in good condition, but they will
occur in systems that are subjected to contamination by dirt, and moisture or to defects, such
as air voids and corona effect. Partial discharges contribute to the corrosion of the insulating
material and may eventually lead to its failure. Additionally, they can form gases and acids,
such as nitric acid and ozone, which accelerate the deterioration of insulation.

The Partial Discharge Analysis relies on the fact that each partial discharge generates a
current pulse with high frequency components to the hundreds of megahertz (MHz) in the
Fourier spectrum [96]. This current pulse is the result of the current i = % from the movement
of electrons in the air gap, each of them carrying a charge ¢ and the flow of positive ions in the
opposite direction. Any device designed to detect high frequencies can identify these PD pulse
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currents. The most conventional means to detect PD currents is by a high-voltage capacitor
connected to the stator terminals, typically ranging from 80 pF to 1000 pF. The capacitor
presents a high impedance to the high AC in the stator, yet offers a very low impedance to the
high-frequency PD pulse currents. The output of the high-voltage capacitor drives a resistive
load, typically a 50-ohm resistor. As the PD pulse current passes through the capacitor, it
generates a voltage pulse across the resistor, which can be observed on an oscilloscope, frequency
spectrum analyzer, or other display device. The lower band of the detector is the frequency
range of the high-voltage detection capacitor combined with the resistive or inductive-capacitor
network load. Early detectors were sensitive to frequencies in the ranges of 10kHz, 100kHz and
1MHz. Modern detectors can be sensitive up to several hundred megahertz ranges. The PDA
is conducted under the IEEE 1434 standard[97].

Measurement units for testing are voltage in mV (milliVolts) and charge in pC (pico-
Coulombs) [98]. Partial discharges can be measured both online and offline in machines with
rated voltages surpassing 6kV, exceeding the 3kV/mm threshold for partial discharge occur-
rence in air voids. Various analyses of partial discharge levels are suggested, including;:

1. evaluation of the number of pulses in a single cycle
2. determination of the magnitude of the pulses

3. assessment and analysis of the shape of the distribution of the pulses to the discharge
location

According to the TEC60270 standard [99], new and repaired machinery should undergo PD
measurements to determine the condition of the impregnation process. Numerous test circuits
can be used for PD measurements. All of them can be summarized into the following circuit
in Figure 3.12 as the most commonly used circuit:
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Figure 3.12: PD equivalent measurement circuit [100]

In this Figure [100], HV is the high-voltage supply, Z is the high-voltage filter, which is
optional, C, is the capacitance of the device under test, C}, is the coupling capacitor, Z,, is the
measuring impedance that decouples the PD signals, C'D is the coupling device and M I the PD
detector instrument. The high-voltage filter aims to attenuate unwanted signals, referred to as
background noise, and can disturb the sensitivity of the measurement. In particular, it reduces
the high frequency interference from the voltage source and limits the propagation of transient
signals into the voltage source. The coupling device converts the pulse current to the output
voltage displayed in the instruments afterward. It can also include fast overvoltage protection
and some filtering features that separate the test voltage and allow for synchronization.
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A typical PD measurement in an oscilloscope is shown in Figure 3.13. The apparent charge
expressed in pC has been used to measure the intensity of a partial discharge pulse. The
apparent charge of a PD refers to the charge that, if injected within a very short time between
the terminals of the test object in a circuit under test, would give the same reading in the
measuring instrument as the PD current pulse itself. This is determined by the integral of
the current over time within the frequency limits of the measuring system. The key is to
measure the peak PD magnitude, the magnitude of the highest PD pulse due to the fact of
being proportional to the largest defect in the insulation.
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Figure 3.13: Time domain integration of a PD pulse [100]

Measurements also include:

1. The voltage marking the onset of the partial discharge, known as Partial Discharge In-
ception Voltage (PDIV)

2. The voltage marking the cessation of the partial discharge, known as Partial Discharge
Extinction Voltage (PDEV)

3. The highest repeatedly occurring magnitude of the partial discharge at rated voltage

The charge can be calculated by the integration of the current going into a resistor:

0= i)t = ]1% /tfzu(t)dt (3.12)

1

3.5.6 Capacitance measurements

Capacitance-to-ground (CTG) and capacitance tip-up (CTU) measurements are diagnostic tests
used in high-voltage systems that can provide valuable information about the capacitive char-
acteristics of the insulation system and thereby identify insulation abnormalities[98]. Changes
in capacitance values may indicate the deterioration of the insulation system. Particularly,
capacitance-to-ground measurement involves determining the capacitance between the wind-
ings and the ground. The test assesses the state of insulation wear by conducting multiple
measurements during the motor lifespan. A rise in capacitance suggests contamination of in-
sulation by moisture or external agents, like dirt, oil, or chemicals. On the contrary, a decrease
in capacitance reveals aging or thermal degradation.
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Capacitance-tip-up measurement detects intensified partial discharge activity in the insula-
tion and should be monitored during the motor lifespan[101]. CTU measurement is conducted
at both low and high voltages, signaling an increased occurrence of partial discharges in the
insulation, giving:

CTU = CTGyicn — CTGrow (3.13)

There are two ways to measure the capacitance tip-up. One way involves measuring each
phase separately with an accurate capacitance bridge, while the other two are connected to the
ground, which is the preferred method and the other suggests measuring the phase-to-phase
voltage. The HIGH value refers to the capacitance related to the rated line-to-ground voltage
of the stator Uy and the LOW value refers to the capacitance that corresponds to the 20% of
the rated line-to-ground voltage. The capacitance at low voltage corresponds to the capacitance
of insulation with voids, whereas the higher the voltage, the voids have been shorted, so the
one at high voltage corresponds to the insulation itself. The formula for capacitance tip-up is
[102]:

Chv - Clv

Clv

An increase in capacitance with voltage suggests the presence of internal voids. When voids
are absent, capacitance remains unchanged as the test voltage is raised. A high value of AC' is
indicative of many voids in the winding groundwall. Figure 3.14 shows that the AC percentage
is increased in proportion to the volume of voids within some insulation specimens of epoxy
resin. For well-bonded modern epoxy mica groundwall insulation, the capacitance tip-up is
usually less than 1%.

AC = (3.14)
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Figure 3.14: Change of AC' as a function of the relative volume of voids within epoxy resin [96]

Tip-up testing relies on the observation that when phase-to-ground voltage is applied and
voids exist within the groundwall insulation, the air in these voids ionizes [96]. Hence, suffi-
ciently high conductivity is produced which can short the voids out. This results in a decrease
in the effective thickness of the insulation, causing an increase in capacitance between low and
high line-to-ground voltages. While a single void may not affect the system significantly, the
presence of numerous voids due to inadequate resin impregnation or issues with tape or bonding
materials in the insulation system will result in a noticeable change in capacitance.

26



3.5.7 Dissipation Factor & Power Factor measurement

Dissipation Factor (DF), also known as tand, and Power Factor (PF) or cosf measurements are
conducted to show the level of dielectric losses in the insulation system, exposing contamina-
tion or thermal degradation [103]. A single measurement cannot fully indicate the insulation
condition, as dielectric losses vary based on material and machine size. Continuous monitoring
throughout the lifespan of the motor is essential to accurately diagnose insulation degradation.
Manufacturers commonly use Dissipation Factor or Power Factor measurements during the
winding manufacturing process to verify the impregnation and curing quality of the insulation.
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Figure 3.15: (a)Insulating material Equivalent Circuit and (b)Decomposition of the total cur-
rent for DF and PF measurements [98]

The idea behind these tests is that in practice, insulation behaves differently from the ideal
conditions. The insulating material can be visualized as a circuit, like that in Figure 3.15,
which includes a capacitor C¢, and a resistor R.,, which represent the ideal lossless behavior
and dielectric losses respectively. When a 50/60 Hertz voltage is applied across the stator
insulation, ideally the total current that flows through it resembles the current of any capacitor.
The total current has two main current components [96]: a significantly high capacitive current
I, leading the voltage by 90°, and a smaller resistive current /g, in phase with the voltage.
Under ideal conditions, there would be no resistive current, as there would be no dielectric
losses and all of the total current would be capacitive. However, similar to the capacitance test,
the presence of voids alters the dielectric properties of the insulation system. The dielectric
of this simulated capacitor is the insulation between the windings and the stator core. Also,
the total current precedes the voltage by an angle (< 90°) in the loss vector diagram of 3.15,
which theoretically would be 90° in an ideal capacitor. Due to the resistive component, the
complementary angle ¢ of angle 6 is induced, representing the dielectric losses. The dissipation
factor is the tangent of d, which is between the total current I; and the capacitive current Io
and is expressed as the ratio of the resistive current component to the capacitive current. The
higher that ratio is, the higher the degree of insulation losses. The expressions for the relations
between the angles of the loss vector diagram and the tand are respectively:

§4+0=90°=38=90°—0 or 6=90°—3 (3.15)
DF = tand = In (3.16)
Ic

The dissipation factor can detect several defects, including moisture, thermal deterioration,
contamination or damage at the end windings. It can also be used to determine the degree of
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curing of a new insulation system, as uncured components exhibit distinct dielectric properties
compared to cured components. With the rise in the applied test voltage, the partial discharge
activity within the voids will also increase, resulting in a corresponding increase of the resistive
current Ir or real power loss. Thus, the Dissipation Factor measurements can indicate the
existence of faults in the groundwall insulation and provide insights into its overall health
condition. Digital measuring instruments have been adopted to measure the phase difference
between the applied voltage and current flowing through the stator windings, which corresponds
to the angle §. The tangent of this angle translates into the dielectric losses. This test is
conducted under the IEEE 286 [104], or IEC 60034-27-3 [105] standards.

Similar to the Dissipation Factor, the Power Factor (PF) looks for changes in the insulation
of the windings. The Power Factor is expressed as the cosine of the angle ¢, which is the angle
between the applied voltage and the total current. From the loss vector diagram of Figure 3.15,
the Power Factor is equal to the ratio of the resistive current I to the total current I:

I
PF = cosf = cos(90° — ¢) = I—R (3.17)
T

The Power Factor also expresses the dielectric losses of insulating materials. As the PF in-
creases, it is indicative that there is moisture and contamination in the insulation system.
Typical tests are conducted at a specified applied voltage that enables the comparison with
the results from other motors. Their value lies in evaluating the level of curing in new coils or
windings. However, the results may be affected by the presence of voltage stress control in a
complete winding, leading to ambiguity in tests conducted on complete windings.

Practically, Power Factor is the ratio between the real power P to the total apparent power
S, which is the product of the voltage applied across the conductors and iron core of the
windings and the current flowing through. The measurement units are Watts (W) and Voltage-
Amperes (VA) respectively. The most common tools used for measuring the Power Factor are
the wattmeter and power analyzer, which directly measure the true power and apparent power
and calculate their ratio.

P P w

PF=—=—"—=— 3.18
S VI VA ( )
The correlation between the DF and PF is expressed as:
DF PF
PF=—ronooou- or DF = —— (3.19)
(14 DF)? (1—-PF)?

PF and DF measurements are performed by applying power-frequency AC voltage. If the
windings are supplied with a low AC voltage, the measurement may lack reliability since the
capacitive and inductive components of the equipment could induce power-frequency currents
into the windings, thus distorting the measurement. To mitigate this issue, a frequency other
than 50/60 Hz should be selected or alternatively, a high-power frequency voltage should be
applied to the stator windings. Both measurements are used to ensure the quality of impreg-
nation and curing of the insulation during the manufacturing process of the winding. A proper
insulation satisfies the conditions Ip < Io and Ip < I7.

3.5.8 DFTU & PFTU measurements

The Dissipation Factor Tip-Up (DFTU) and Power Factor Tip-Up (PFTU) tests appear as
alternatives to the typical DF and PF tests [98]. They are defined as the difference of DF and
PF values respectively, measured at two different voltage levels. The target of these tests is

o8



to indicate the increase in dielectric losses resulting from the intensification of the activity of
partial discharges in the insulation system [106]. The measurement of both these tests increases
with voltage when delamination has occurred.

The DFTU testing involves measurements that start from 20% of the rated line-to-ground
voltage and increase at voltage steps of 20% to the rated normal voltage. The purpose of
the test is to monitor the increase in real power losses because of the voids in a delaminated
insulation. Partial discharges and ionization of gas within the voids cause increased losses as a
function of the applied voltage. The general equation describing this method is:

DFTU = A(tané) = DFHIGH - DFLOW (320)

The IEEE 286 standard [104] recommends the 80% of the rated line-to-ground voltage for the
HIGH value and the 20% of it for the LOW value respectively:

DFTU = A(tand) = tan(d)o.suy — tan(d)o.ouy (3.21)

The IEEE 60894 standard recommends the 80% of the rated line-to-ground voltage for the
HIGH value and the 60% of it for the LOW value respectively:

DFTU = A(tand) = tan(d)o.suy — tan(d)osuy (3.22)

In addition to the variation of voltage levels for calculating DFTU, IEEE Std-286 allows the
winding to be tested with a voltage up to 120% of the rated voltage Uy.

The total current I does not show a linear increase with voltage, as, besides the increased
loss current I, there is also an increase in the capacitive current I due to the intensification of
partial discharges. An example of a series of DFTU tests is shown in Figure 3.16. It highlights
the non-linear behavior of the measurements of the dissipation factor as the applied voltage
increases. Thus, to ensure an accurate diagnosis of the insulation condition, it is imperative to
maintain constant test voltage over the motor lifecycle.
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Figure 3.16: Example of a series of DFTU tests [98]

Similarly, the PFTU testing is conducted at two voltage levels. One measurement is taken
at the voltage below the inception of partial discharge activity (PDIV), set at 25% of the line-to-
ground operational voltage (PFrow) and the other at 100% line-to-ground voltage (PFyicH)-
Like DFTU, the difference between the two power factors at these two voltage levels can be
attributed to the energy loss because of the partial discharges. The higher the difference, the
more energy has been consumed. This test is defined according to the IEEE Std-286 and IEC
Std-60034 [105].

PFTU = A(COS@) == PFHIGH - PFLOW (323)
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3.5.9 Frequency Response Analysis

The Frequency Response Analysis (FRA) is a well-known technique that has been traditionally
used on power transformers but has been eventually adopted for the diagnosis of rotary motors
[107]. The FRA technique is widely adopted due to its high sensitivity and accuracy. It is
based on the theory that deformations or displacements in the stator windings cause changes in
the impedances of the motor components and thereby a modification of the frequency response.
The technique involves the injection of a voltage signal with a constant magnitude but a varying
frequency [108]. This approach reveals how the parameters describing the elements change as
the signal frequency shifts. However, several issues can arise during this process. Firstly, the
distribution of the device’s parameters is unknown, essentially making it a black box. The
frequency response depends solely on the geometry of the device and the material it was made
from. This is because the FRA records how the electrical charge distribution changes with
frequency throughout the device.

Therefore, a reference is needed to compare the response of a healthy motor, which remains
consistent as long as the geometry and material conditions do not change. If either of these
factors changes, the distribution of the electrical charge will vary and may be detectable through
its frequency response.

In Figure 3.17, the equivalent circuit of any winding consists of capacitances, resistances
and inductances in series and shunt connections. A variable frequency voltage is injected on
one side of the winding, marked as V; the input voltage, and it is measured on the opposite side,
marked as V5 the output voltage. The impedance Z is the impedance of the voltage measuring
equipment and is usually equal to 50(2.

— ‘7 —
H(jw) == or Hg =20-log,,|H(jw)] (3.24)

1
Bode plots that express voltage gain H in decibels are usually preferred for the analysis. The
Sweep Frequency Response Analysis (SFRA) is used to analyze and evaluate this transfer
function. This involves applying a sinusoidal signal at one end of a winding and measuring it
at the other end. The measurement results can be obtained with a FRA analyzer. The FRA
analyzer generates the sinusoidal voltage with 1.44V amplitude, covering a frequency range
from 20Hz to 20MHz. A computer then records the voltage transfer function to measure the
input and output voltages.
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Figure 3.17: Representation of the FRA technique in a machine field winding [107]

3.5.10 Dielectric & Impedance Spectroscopy

Broadband Dielectric Spectroscopy (BDS) and Electrical/Electrochemical Impedance Spec-
troscopy (EILS) are non-destructive tests that are widely used for the examination of the dielec-
tric response and the complex impedance responses over a wide range of frequency components.

60



Much research has been done, in which spectroscopy appeared as the primary tool for testing,
ex-situ inspection, condition assessment and partially in in-situ inspection with both low and
high voltages [109]. In-situ inspection refers to the examination of the condition of the insu-
lation of the windings while the motor is still installed and operational within its designated
environment. Ex-situ inspection, on the other hand, refers to the assessment of the insulation
after the windings have been removed from the traction motor. In the literature, investigations
of Dielectric Spectroscopy precede the studies done in Impedance Spectroscopy, which has been
a subject of study for the last two decades.

e Dielectric Spectroscopy

Dielectric spectroscopy facilitates the assessment of the dielectric properties of a material
or components. It analyzes the response of dielectric permittivity and loss over a range of
frequencies. This method enables the evaluation of its polarisation and conductivity across the
frequency spectrum by analyzing the response of dipoles and dipole moments in the material,
as well as their movement, notably dielectric displacement [110]. These dipoles can be atomic,
electronic, or ionic. The real and imaginary components of permittivity represent the dielectric
strength and dielectric losses respectively. This analysis can identify the degree of deterioration
in dielectric samples, conductors, or insulation components. Although Dielectric Spectroscopy
can detect insulation degradation, which is caused by a series of phenomena such as synergic
effects, dielectric relaxation, and conductive contributions to the dielectric response, it exhibits
limited efficacy in detecting deficiencies like corrosion, manufacturing defects, or incipient insu-
lation failures. Prior research has investigated the electrical insulation parameters of the stator
windings, exploiting the frequency response of tand, PF and complex capacitance and focusing
on the complex dielectric permittivity [111].

e Impedance Spectroscopy

Over the past two decades, the limited effectiveness of dielectric spectroscopy and the
challenges in interpreting measurements have led to increased research interest in electrical
impedance spectroscopy for modeling electrical insulation of various applications [112]. These
include power transformers, cables, motor windings and power converter drives. It facilitates
non-destructive measurements at low voltage levels to identify manufacturing flaws, material
anomalies, and incipient faults. Moreover, it assists in investigating thermal, electrical and
mechanical stresses, as well as evaluating the cumulative impact of multiple stresses, including
environmental variables. Impedance spectroscopy evaluates the impedance characteristics of a
material sample or component by measuring the amplitude and phase response across a wide
frequency spectrum. It enables comprehensive analysis, while simplifying equivalent circuit
analysis by representing total complex impedance in the frequency domain. This process al-
lows impedance to be represented as a complex transfer function, or V/I function in electrical
terms, and subsequently allows to determine the order of the system in electrical circuits, char-
acterize it and assess its stability [113]. This information is presented through impedance Bode
plots, which reveal details about amplitude and phase response with the electrical resonance of
the components.

This method also utilizes Nyquist plots to analyze the impedance function [114]. Nyquist
plots depict the trajectory of the real and imaginary components of complex impedance across
the frequency sweep as a locus. The imaginary components are represented on the vertical axis,
while the real components are represented on the horizontal axis. Fach data point on the plot
represents a specific frequency at which impedance is measured. They provide valuable insights
into the behavior of the system under test. The shape of the locus can indicate the presence of
certain phenomena such as capacitive or inductive behavior, or the presence of electrochemical
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processes in insulating materials. A rightward shift of the Nyquist plot indicates an increase in
resistance, while a leftward shift a decrease in resistance. On the other hand, a downward shift
denotes an increase in capacitive reactance, thereby a decrease in capacitance, while an upward
shift indicates a reduction of capacitive reactance and thereby an increase of capacitance.

3.6 Fixed Thermal Aging Test

As new and more sophisticated traction motor technologies are explored in the automotive
industries, the need for more advanced insulation material compositions is evident. Different
insulating materials are used, each serving a different purpose. Polyamide-imide (PAI) is among
them, which primarily composes the enamel coatings on conductor wires of the motor windings.
The selection of PAI over other organic-based materials like PT and PEI lies in the fact that PAI
exhibits high temperature performance characteristics [115], while PEI is used in applications
with lower temperatures.

Insulating materials undergo aging after a period of normal use, in which some of the
properties of the material are irreversibly deteriorated. During motor operation, insulation is
subjected to various stresses, which are recognized as TEAM, an abbreviation for Thermal,
Electrical, Ambient and Mechanical stresses. These stresses may occur either individually as a
single-factor aging when only one of them stresses the insulation or a combination of them can
occur, which is more common, known as multi-factor aging [116].
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Figure 3.18: Diagram for Multistress aging test, T:Thermal, EL:Electrical, V:Vibrational,
TM:Thermomechanical, HV:High-Voltage stresses [116]

Undergoing stresses can change over the lifespan of components and can manifest simultane-
ously or sequentially. These stresses degrade the insulation mechanisms and lead to the gradual
failure of the system. Researchers are interested in evaluating the behavior and performance of
insulation systems under these harsh conditions exhibited in the motor’s environment. For this
reason, they simulate these conditions in laboratories to subject samples of insulation compo-
nents to experiments that artificially age the samples. Accelerated aging tests are very popular
as they provide an effective approach to assessing the aging mechanisms of insulation systems
and give better insights into the aging resistance limits of different materials. Manufacturers
routinely use accelerated aging tests for several purposes, including single-factor aging and
multi-factor aging techniques with the implementation of thermal, electrical, ambient and me-
chanical stresses. Stresses are applied at different levels, typically exceeding normal operating
conditions and at a faster rate, leading to an accelerated wear and failure process within a much
shorter time span, ranging from a few hours to a few days, rather than years. The application
of the aging tests serves multiple purposes, including the evaluation of insulation systems, qual-
ification procedures, development of new innovative insulating materials, and post-production
acceptance testing.

In this section, there will be an overview of the previous work done in accelerated thermal
aging tests, focusing on fixed thermal stresses. Thermal stresses are the main stress that
deteriorates insulation systems. In particular, they are responsible for:
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1. Chemical degradation reactions, including diffusion and polymerization, which lead to
chemical and physical changes

2. Thermomechanical effects resulting from forces produced by thermal expansion and con-
traction

The main challenge in achieving a reliable prognosis is the inherent difficulty in separating the
different physical mechanisms and their independent effects on insulation aging. For instance,
testing insulation under electrical stress causes current to flow in the tested winding, producing
heat. This heat leads to thermal degradation alongside electrical degradation. Furthermore,
thermal cycling results in different mechanical expansion rates between various materials, caus-
ing mechanical stress to coexist with thermal stress. Therefore, a suitable research plan requires
understanding and modeling fixed thermal stress. The next step would involve thermal cycles
to distinguish the impact of mechanical expansion rates from thermal aging. Electrical testing
should also be conducted independently to separate the effects of thermomechanical stress from
electrical stress. The specimens tested, found in literature, are mainly stator coils or copper
bars, but also many other investigations have been performed involving twisted pairs, mounted
coils, motorettes and formette coils [117],[118]. Results and conclusions extracted from these
investigations will be presented, obtained with different diagnostic tools.

3.6.1 Related work

The literature contains many significant contributions to accelerated thermal aging, which can
be achieved through thermal cycling or fixed thermal stress. Experimental work involving
thermal cycling aging is less common than that with fixed thermal stress.

The Thermal cycling (TC) technique appears as a more representative evaluation method,
as it can replicate the real conditions and thereby the thermomechanical stresses found in the
environment of an EV motor [119]. The samples are subjected to thermal cycles of high tem-
peratures in specially designed ovens. The temperature does not remain constant, but instead,
spans a range around a predefined value. The temperature spans and rating limits of stator
windings are defined by IEEE standards, depending on the type of insulation materials. Usually
an interval of 40°C is defined, but intervals of 45°C are also found in literature [120],[121],[122].
For instance, if the temperature is preset to 200°C, the thermal cycling extends from 180°C to
220°C. The purpose of this accelerated aging method is to cause the groundwall insulation to
separate from the copper of the stator windings.

On the other hand, a constant thermal aging method imposes a fixed thermal stress. Fixed
thermal stress simulates the consistent thermal load applied to the stator windings during
normal operation. This stress typically arises from heat generated due to electrical losses, such
as:

1. Copper losses (I?R): Heat generated due to the resistance of the copper windings when
current flows through them

2. Iron losses: Heat produced in the stator core due to hysteresis and eddy currents in the
magnetic material

3. Stray Load losses: Additional losses caused by leakage flux and harmonics during motor
operation

This constant heat load leads to a steady temperature rise in the windings, which must be
managed through effective cooling mechanisms.

During this accelerated aging technique, samples are set up in a controlled environment
where they are subjected to a constant high temperature, typically 180°C or 200°C. This setup
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involves specially designed temperature-controlled ovens or chambers that can maintain a pre-
cise temperature over extended periods. The applied temperature is chosen according to the
thermal limits of the insulation class and international standards, while it depends on the
operating conditions of the motor as well. It is usually higher than the normal temperature
that prevails during motor operation to accelerate the aging process, allowing for quicker ob-
servation of the thermal effects. Samples are continuously exposed to this fixed temperature
to mimic the heat load of copper, iron losses and stray load losses. Various parameters are
monitored throughout the aging process, such as insulation resistance, dielectric strength, in-
sulation capacitance, and dissipation factor. These measurements provide valuable insights
about the degradation rate and impact of thermal stress. Next, the collected data is analyzed
to determine the thermal endurance of the insulation materials. This analysis identifies how
the insulation properties change over time under fixed thermal stress.

An overview of completed research on fixed thermal aging technique follows, presenting
parts of the test procedures followed and the results they led to. Generally, the resistance of
winding insulation material is investigated. Different specimens of windings insulation coating
materials are used as test samples, including rectangular copper wire [123]. These are divided
into groups and each of them has been aged in different but identical ovens at specified fixed
temperatures and for different time periods. Insulation coatings consist of an inner PEI layer
and an outer PAI layer and typical aging temperatures are at 200°C, 215°C, 230°C, 245°C and
for 100, 200, 400, 800, and 1600 hours. In [124], [125] and [126], the dielectric properties of
coating copper wires with PAI insulation material are investigated. This time, samples were
aged under 6 different temperatures set at 6 identical ovens, 200°C, 215°C, 230°C, 245°C,
260°C and 275°C for 100, 200, 400, 800 and 1600 hours respectively. [127] and [128] define
a threshold of 230°C and categorize the impact of temperatures below or above this value on
the PAI insulation. Other contributions [109] suggested the exposure of concentrated coils
(Fig. 3.19b) to cycles of 100 hours maintaining only one constant temperature of (200°C).
Following each thermal cycle, the samples were removed from the oven and left to cool down
at ambient temperature and humidity conditions. The entire process, encompassing thermal
exposure, cooling, and measurement, was iterated until a cumulative aging time of 1400 hours
was achieved. Generally, impedance spectroscopy was used as the main diagnostic technique to
assess the deterioration process of the insulation of the windings before and after each thermal
cycle. In [129] thermocouples and thermal sensors were employed to continuously monitor the
temperatures, creating a thermal profile of the samples via thermography.

(a) Samples inside the oven [123] (b) Concentrated coils as test samples[109]

Figure 3.19
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3.6.2 Impact of fixed thermal aging

In all cases, some populations of specimens have remained unaged for comparison purposes
with the aged specimens after the applied aging techniques. The main method for assessing
the insulation condition was the application of high breakdown voltage between the thermal
cycles on the samples. Significant outcomes of these measurements were extracted depending
on the insulation resistance, dissipation factor, capacitance, partial discharges, and lifetime of
the insulating materials.

(I) Insulation Resistance & Thermal Conductivity:

Resistance (G€)

The analysis in [123], [124], [118] and [130] revealed that the thermal degradation appeared
to be driving the resistive characteristics of the thin-film insulating materials towards a
more homogenized state. As expected, a general decrease in insulation resistance as a
function of temperature for each aging period was observed. However, this decrease does
not exhibit a logarithmic trend but a relatively slow rate of change throughout the aging
cycles. This observation suggests a low decomposition rate for the bonding materials
within the insulation systems. Furthermore, the resistance does not display a monotonic
relationship with aging time when the thermal stress is held constant. Figure 3.20 exhibits
the dependency of IR on the increasing temperatures and aging period.

——100hrs —@—200hrs —@—400hrs —@—800hrs —@— 1600hrs 1 ¢ 03
1600 = 1 [}ER
1400 EO-H . E‘:{; B
1200 -gn_ﬁ . on %
o o "o {02 =
00 204 | {018 =
= v, ] 5
600 2 T, 8. n16 =
400 £02 1 0.14
200 v 1 012
0 [] L L 'l L Il Il Il U]
190 200 210 220 230 240 250 0 30 60 950 120 150 180 210 240 270
Temparature (°C) Exposure time |h]

Figure 3.20: Thin-film insulating material Figure 3.21: The dependency of winding
maximum IR dependency on the aging time thermal conductivity on cumulative aging
and temperature [123] time at 230°C [129]

[131] and [129] revealed that the dielectric and physical properties of the insulation system
were strongly influenced by thermal aging, referring to the thermal behavior of the mo-
torettes. The steady-state hot-spot temperature within the windings increased with the
cumulative aging time. This was ascribed to the thermal conductivity alteration of the
wire enamel and impregnating resin due to thermal aging. The variation of the thermal
conductivity k,, is displayed in Fig. 3.21. The intersection of the cumulative aging linear
plot (black) with the y-axis, where the cumulative damage is 1p.u., enables the identifica-
tion of the end-of-life point, which is 270 hours at 230°C. It is clear that &, has dropped
to 0.16 W/m/K at almost half of the life from the initial unaged value of 0.3 W/m/K.
Thermal conductivity follows an exponentially decreasing slope with the aging exposure
time, while the failure probability increases inversely with the increasing temperatures.

Dissipation Factor:

[132] indicated a variation of the dissipation factor and power factor between low and high
frequencies. Below 1Hz both DF and PF exhibit high initial values, which are progres-
sively decreased and finally stabilized at 0.01 at 100Hz. As a group of laminated specimens
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was subjected to constant thermal stress at 200°C for 1000 hours, tand increased from
0.2-0.3 to ~1 at very low frequencies (around 0.01Hz). Similarly to the unaged samples,
the tand gradually decreases as the frequency increases. At high frequencies above 100Hz,
there is no difference between the thermally ages samples and the healthy ones. When
the aging period was doubled, a significant loss in the dielectric was observed, ascribed by
the increment of tand at low frequencies. Cos¢ of the thermally aged samples exhibited a
similar trend, with its initial values being much higher compared to the healthy samples.

[118] highlighted the dependence of the dissipation factor on the applied test voltage. The
initial aging cycle resulted in a shift in the response of the DF at all voltages, affected
by the insulation drying and post curing. Moreover, thermal aging caused an increase
in the initial value of the DF (low voltage tand). This parameter reflected the combined
effect of the polarisation and conducting losses within the insulation. This increase is
attributed to the chemical reactions of the organic materials of the insulating materials
triggered by the thermal stress, which involve the scission of high-weight epoxy molecules,
leading to the formation of lower-weight molecule species. Since these molecules are
typically more polar, they contribute to more dielectric losses. An increase in moisture
within the insulation also elevates the initial value of DF. As aging cycles progress, tand
elevated with increasing test voltage (Fig. 3.22b). This is due to delamination forming
within the bulk insulation or at the copper conductor interfaces caused by thermal stress.
The progressive aging cycles contributed to the development of more air-filled voids and
delaminations within the insulating material. These defects promoted increased partial
discharge activity and consequently, higher ionization losses.
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Figure 3.22: Dissipation factor affected by fixed thermal stresses

(III) Capacitance:

[125] suggested that capacitance might not be an appropriate tool for reliable prognosis.
The statistical analysis of the capacitance values of the aged samples showed that these
values spread and scattered during thermal stress for long aging periods. At 200°C,
215°C and 230°C the capacitance first increased and then dropped to initial values, while
at 245°C and 260°C the opposite trend occurred, thus no monotonic pattern was provided.

In [118] two primary changes in the capacitance characteristics were observed due to ther-
mal aging, including a decrease in the initial capacitance value and an amplified reliance
on voltage. These alterations are linked to the formation of delaminations within the
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insulation and the subsequent partial discharge activity within these delaminations. At
low voltage, the overall capacitance represented the combined capacitance of the solid in-
sulation with the air-filled voids. However, at high voltages, the partial discharge activity
effectively shorted out the air voids, resulting in a measured capacitance that reflected
only the solid insulation.
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Figure 3.23: Capacitance vs test voltage with increasing number of aging cycles [118]

(IV) DF Tip-Up and AC:

The Dissipation Factor Tip-Up and Capacitance Tip-Up increased as the number of aging
cycles grew. A minimal change in DF from cycle to cycle suggests a reduction in the
formation of air-filled voids and delaminations. Conversely, a progressively increasing
change in DF signifies a rise in energy consumption due to the increased occurrence of
partial discharges.
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Figure 3.24: Atand and AC of 2 distinct insulation systems affected by fixed thermal stress[118]

(V) Partial Discharges:

Partial Discharge measurements demonstrated a high degree of sensitivity in changes in
insulation systems during constant thermal aging process [118]. The symmetrical PD
patterns observed in both positive and negative half cycles suggest that the discharges
predominantly occurred within coil-to-core insulation. Furthermore, an overall increase
in partial discharge activity is evident with increasing aging cycles, compared to the
unaged state. After a certain number of cycles, the magnitude of the highest PD pulses
relatively stabilized. As the aging progresses, the number of low-amplitude discharges
notably decreased, whereas the "hollow” of the PD pattern expanded within the phase
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range of 0° to 90° and 180° to 270°, indicating an increase of the number of discharges
with higher amplitude. This change may be attributed to the growth of small voids as
the aging process develops.

The increase in PD activities is mainly due to the formation of delaminations within the
bulk insulation. These arose from the differing thermal expansion coefficients of steel,
copper, and the mica-epoxy composite. The ongoing aging process further exacerbated
this phenomenon by altering the characteristics of epoxy resin. Consequently, delam-
inations developed within the main insulation or at the interfaces between the copper
conductors and the main insulation. As aging progressed, the magnitude and density of
partial discharges generally rose significantly, indicating an increase in the number and
size of voids, and subsequently, deterioration within insulation.

A general increase in both the number of PD pulses and the transferred charge per second
for two different insulation systems with increasing aging cycles is illustrated in Figure
3.25. After a certain point, the number of PD pulses per second is stabilized, reaching a
relatively constant value. This suggests that the number of discharge sites in the insulation
likely increases during the initial aging cycles and then stabilizes. The total transferred
charge per second also exhibits a rapid rise in the early stages of aging. As aging cycles
increase, the total charge can either progressively increase or remain roughly stable.
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Figure 3.25: Partial Discharge activity for two distinct insulation systems affected by fixed
thermal stresses [118]

(VI) Lifetime:

The findings demonstrated a non-monotonic trend in the electrical properties of the in-
sulation material when subjected to high constant thermal stress [123]. This observation
challenges the applicability of the well-established Arrhenius law [133] for modeling such
degradation and predicting the remaining useful life (RUL) of thin-film insulation mate-
rials. Thus, the Arrhenius model has to be expanded.

The visual inspection of the aged samples revealed two distinct aging mechanisms based
on the temperature applied [124]. At lower temperatures, a slower degradation process
was observed, as the material aged gradually. This manifested as bubble formation on the
conductor’s surface, followed by a characteristic zigzag cracking pattern in the insulation.
Interestingly, this phenomenon was absent in samples aged at 275°C. At this higher tem-
perature, the insulation underwent rapid degradation, resulting in the complete removal
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of the insulating material and exposing localized areas of the bare copper conductor. The
two distinct aging mechanisms are depicted in Figures 3.26a and 3.26b respectively.

[127] [128] showed a decrease in the lifetime of the insulation materials, as the constant
thermal stress increased and the aging period expanded. Similar observations were ex-
tracted from almost all investigations. Particularly, when the upper rated limit of the
insulation class was exceeded, the dielectric properties of the insulating materials de-
graded at a faster rate. As the temperature increases a smaller population of samples
withstand the corresponding aging profile. In [134], a substantial proportion (> 50%) of
the samples exposed to 230°C for 1600 hours exhibited catastrophic failure. At 245°C and
the same exposure time, no samples survived. Furthermore, at 200°C and 800 hours, two
samples experienced catastrophic failure, whereas this number increased to four at 245°C
for the same duration. Moreover, less than 20% of the samples survived at 260°C and
almost 11% at 275°C at early aging periods. When the aging period exceeded beyond
that time, none of the samples survived. The PAI material was totally destroyed and
stripped of the conductive parts, leading to a complete failure of the insulation systems.

(a) Zigzag-shaped crack of insulation material (b) Catastrophic failure of insulation material

Figure 3.26: Insulation failure at 260°C for 800 and 1600 hours respectively[124]

Unaged 200°C 215°C 230°C 245°C 260°C 275°C

Figure 3.27: Measured surface profile at various temperatures for the early onset aging period
of 100 hours [134]

(VII)

The measured surface profile of thin-film insulation materials (PAI and PEI) is shown in
Fig. 3.27. Visual examination of the unaged samples revealed a relatively smooth surface
characterized by subtle horizontal striations aligned with the direction of insulation ex-
trusion, a signature of the coating process. Notably, these striations became progressively
broader and more accentuated with increasing thermal aging exposure temperature [134].
In addition, the mass of the samples was decreasing with increasing temperatures.

Breakdown Voltage:

The decrease in resistance translates to a higher current flow through the thin-film in-
sulation [123]. To investigate the relationship between current increase and the applied
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thermal stress during breakdown, the resistance values both before and at the breakdown
are crucial. The normalized current increase « is:
AT _ Igpy — 1o Rppvy — Ro

_ Al _ 3.25
T I Ry (3.25)

where Vo = Ry - Iy , Vgpv = Repv - Igpv and Vy = Vipy.

A consistent trend was revealed. As the aging temperature increased, both the leakage
current at breakdown and the resistance at breakdown Igpy and Rgpy respectively ex-
hibited a decrease. Consequently, this reduction in resistance resulted in a corresponding
decrease of the breakdown current difference required to break the insulation over time,
signifying degradation of the magnet wire [134]. This monotonic aging trend was observed
consistently across all four aging temperature profiles investigated.
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Figure 3.28: Breakdown voltage impact

Moreover, between the aging cycles the measurements from the corresponding early break-
down voltage test showed a reduction of the voltage in which the breakdown of the insu-
lation occurred. The reduction of the breakdown voltage is emphasized in Fig. 3.28b, in
which the reduction increases as both the aging time and temperatures are higher.
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4 Megger user manual

For the purposes of achieving certain diagnostic tests, the MIT1525 15kV diagnostic insulation
resistance tester, an instrument developed by Megger, was used. This instrument serves as a
compact tester for the diagnostic testing and maintenance of high-voltage electrical equipment.
In our case, it was used to stress the pole insulation of a yokeless and segmented armature
axial flux motor for the TEAMstress project. This section provides a user manual for the
aforementioned instrument, describing the basic operations of the instrument as well as the
test procedures that can be performed.

4.1 Instrument description

The Megger MIT1525 is the flagship unit in Megger’s MIT series of insulation resistance testers.
The series also includes the MIT515, MIT525, and MIT1025, but these instruments can only
go up to H5kV and 10kV respectively, as the first digit in their name suggests. The main
diagnostic technique that the unit can perform is insulation resistance tests up to 15kV with
a 30 teraohm (7'(2) maximum resistance and an accuracy of + 5% from 1 MQ up to 3T
The MIT1525 tester includes a full range of test modes including Insulation Resistance (IR),
Timed IR, Dielectric Absorption Ratio (DAR), Step Voltage (SV), Polarization Index (PI) and
ramp diagnostic tests. The unit includes an internal memory that records data every 5 seconds
while in operation, for a maximum duration of 5.5 hours. Users can also choose to transfer this
data to a computer using an integrated USB port and visualize them via the installed software
application PowerDB. Its safety is rated up to CAT IV 1000V to 3000m altitude, following
the requirements of IEC 61010-1. The short circuit output current is rated at 3mA and the
maximum noise rejection is at 6mA.

& = megger. Fmiss

3 \" AV INSULATION TESTER
o

Figure 4.1: Megger MIT1525 15kV instrument

In Figure 4.1, the Megger MIT1525 15kV instrument is displayed with two cables connected
at the two terminals. As it can be easily viewed, the instrument consists of some buttons,
rotatory switches and a large LCD screen with back-light that facilitate control and operational
adjustments. The instrument is placed inside a sturdy and waterproof case that protects it from
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noises, humidity and dust, factors that affect the sensitivity of measurements, or damage in
case of falling. Also, a lightweight Li-on battery is placed inside the instrument which enables
wireless operation and is charged with a specialized charger plugged in a socket. In Figure 4.2,
there are some arrows used as indicators to explain the role of each button and rotatory switch,
as shown in Table 4.1.

Megger. miTis2s
15kV INSULATION TESTER

Figure 4.2: Instrument indications

Positive Terminal (+)
GUARD Terminal
Negative terminal (-)
LCD Display Screen
Four Arrow Buttons and OK
Test Mode Rotatory Switch
Save button
Back-light
TEST button with associated warning lamp for High Voltage
Central Rotatory Switch
11 USB Device Interface
12 LED indicating line power/mains
13 Functional Earth Terminal
14 Power socket

© 00 ~J O O = W N~

—
)

Table 4.1: List of instrument indicators based on the Figure 4.2

The LCD screen of MIT1025 is shown in the Image 4.3 below. It provides similar if not the
same icons as the MIT1525 unit, involving features for voltage values and insulation resistance
measurements, icons for timer, storing and accessing data, alarm, warning signals, battery
condition and other modes. The icons are listed in Figure 4.4.
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Figure 4.3: The LCD Display Screen of the instrument with its icons

lcon Description lcon Description
V@ User lock voltage @ Delete records
®  Timer b4 Download via USB
E Save A Filter
5 Open records ) Alarm
M  Battery _L Breakdown mode
‘ Ramp test _Q_ Burn mode
/A Danger HV /N Refer to manual
= Fuse N Noise detected

Figure 4.4: The icons of the screen with their description

The control of the MIT1525 IR Tester is primarily achieved by the two rotary switches and
the TEST button, shown in 4.5. The TEST button is used to start and stop a test. The main
rotary switch includes an "OFF” setting. The device activates by rotating the switch either
clockwise or counterclockwise from this position. Various test voltage options are provided
for IR tests up to 15kV. Additionally, users can select a custom voltage range, which can be
adjusted between 500V and 15000V. The "lockable” test voltage range can be modified in the
settings function.

The settings function, marked by a spanner symbol, allows users to manage various functions
such as lock voltage, low resistance alarm, temperature, and time/date adjustment. A light blue
colored segment on the rotary switch indicates memory-related functions that include accessing
saved records, downloading via USB and deleting records. Also, a save button to store records
within the memory of the device and a back-light button are incorporated.

A second rotary switch is responsible for controlling the insulation test mode, offering various
tests. From left to right in 4.5, the tests that can be set are the basic insulation resistance (IR),
timed insulation resistance IR(t), Dielectric Absorption Ratio (DAR), Polarization Index (PI),
Dielectric Discharge (DD), Step Voltage (SV) and ramp test.
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Figure 4.5: The primary elements for control

A set of directional buttons and an OK button are utilized for settings and memory func-
tions. The up/down arrows also allow for adjustments of the test voltage during testing. Before
the start of an IR or IR(t) test, burn mode can be activated by holding down the left arrow
button with a selected voltage level on the main rotary switch. Burn mode is deactivated upon
changing the voltage range or mode or by pressing the right arrow, which can also be used as
the breakdown button. In breakdown mode insulation tests stop automatically and indicate
"Brd” on the display screen if a fault causes a rapid decrease in the applied voltage. Con-
versely, breakdown events in burn mode IR tests are disregarded, allowing the insulation tests
to proceed despite faults, making these tests destructive. Burn mode is deliberately used to
induce carbon track in the insulation to aid in fault identification. It is noted that burn mode
only operates at test voltages of 500V or higher. Backlight and Save buttons provide light on
the LCD screen and save data records respectively.

The instrument is equipped with an incorporated voltmeter capable of measuring AC/DC
voltage within the range of 30V to 660V. For AC voltages, the frequency is measured in Hz
and displayed accordingly. The voltmeter mode is activated by switching to V' mode in the
main rotary switch. For the voltmeter function, clamps, like those depicted in Figure 4.7, are
connected to the positive and negative terminals of the device. GUARD terminal is not proper
for use in voltmeter mode. As a safety precaution, the instrument automatically transitions to
voltmeter mode when detecting a voltage of 50V or higher connected to the terminals. The
measured voltage will be displayed on the screen, accompanied by an intermittent beeper to
alert the user to dangerous voltage levels.

9@9 e e

Backlight Save

Figure 4.6: Elements for adjustments and settings
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Figure 4.7: Clamps to be connected to the terminals and a USB cable

4.2 Instrument control and setup

For proper control of the device, it is necessary to set the Real Time Clock (RTC). The RTC
guarantees accurate time/date stamping of records stored in the instrument and is equipped
with a separate battery, ensuring that settings are preserved even when the main battery is
removed. The date and clock are adjusted by accessing the settings function on the central
rotary switch and switching the mode rotary switch to IR. The left and right arrows are used
to navigate to the time and date display. Time can be set by the up and down arrows, changing
the minutes and hours, and when set, the time is saved by pressing the OK button. The day
and month are set by selecting the appropriate format. The right arrow is pressed to adjust
the date and then the OK button to save it. A checkmark on the left side of the display screen
signifies that a setting has been saved, while a cross displayed during adjustment means that
it has not been set. To exit settings, switch the central rotary switch to a different position.
Figures 4.8 and 4.9 illustrate the proper adjustments done for the correct time and date of
the Real Time Clock. In 4.9a the format h:m stands for hours and minutes, while in 4.9b the
format d:m stands for days and months respectively.

Figure 4.8: The rotary switches adjustments for RTC setup

®a4 ~20 -390 «S43 Y 220

(a) Adjustments for time setup (b) Adjustments for date setup

Figure 4.9: Setup for clock adjustments
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The up and down arrow buttons can adjust the desired voltage displayed for the user-
selectable "lock” voltage range. Then this setting is saved by pressing the OK button, which
will remain unchanged even if the instrument is switched off.

When the alarm has been set and activated, a low-resistance alarm will sound as the resis-
tance level of the insulator triggers it. The default alarm setting is 500k{2 and is shown on the
right side of the screen if it is active or not. The low resistance alarm is set by rotating the
mode and main rotary switches to the IR and settings positions respectively and then pressing
the right arrow button once. Users can set the low-resistance alarm back to the default value
by pressing the OK button or change it to a different alarm resistance level with the up and
down arrow buttons and save it with the OK button.

The left and right arrow buttons switch between burn and breakdown modes when a voltage
range is chosen in IR and IR(t) test modes respectively. Pressing and holding the left arrow
activates the burn mode, while the same process involving the right arrow activates the break-
down mode. In breakdown mode, the test will automatically stop and indicate ”"Brd” once
it detects a fault to protect the insulation from damage. In contrast, burn mode deactivates
the standard breakdown detection, allowing the test voltage to continue even after insulation
breakdown. This facilitates the identification of failure locations but entails a destructive test.
To protect against potential damage, the unit emits two long beeps when initiating a test with
burn mode activated. Figure 4.10 depicts the breakdown indication displayed on the screen
and the arrow buttons used to activate each mode.

IR )

o\ \ Jo
U \
(
0.0
m:s
nA
U-U E L,'E'E (b) Left and arrow buttons for burn

(a) ”Brd” indication on the LCD screen and brd mode

Figure 4.10: Breakdown/ burn mode in IR & IR(t) test modes

4.3 Test procedure

First of all, it is important to mention that to run an insulation test, the insulation must
be fully discharged before the execution of the test. When connecting the test leads before
starting a test, any voltages of 50V or higher will be displayed on the screen, accompanied by
an intermittent beeping sound. If electrical noise is present, it will induce a current through
the instrument’s internal discharge resistors. If this current surpasses the instrument’s rating,
it could damage the instrument. That is why MIT1525 is designed to withstand high noise
currents up to 6 mA. Any detection of a current exceeding 6 mA will trigger an urgent 'warble’

tone from the instrument, accompanied by the symbols A\ ,‘\/ The instrument will not allow
a test to start if the induced voltage is above 6 mA for safety reasons. Moreover, it is imperative
to promptly disconnect the instrument from the power supply after discharging the DC voltage,
all while adhering to Safe Working Practices.

Tests can be applied to stator and rotor windings on synchronous and asynchronous AC
motors, poles of permanent magnet motors, copper bars and generally conducting elements
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with insulation layers. Tests are started by pressing and holding the red button "TEST’ for
approximately 3 seconds. A timer will appear to show the elapsed time during the test. The
test is stopped by pressing the TEST button. While the test is stopped the insulator will
automatically discharge. An indication of ’StP’ will alert the user that the test terminates
and after a few seconds, the voltage on the terminals will be shown. The left and right arrow
buttons can be used to navigate between the terminal voltage, the last test voltage and the
set range voltage. If the terminal voltage is > 50V, the voltage will be shown on the display
screen with a warning. The LCD screen displays the final values of resistance, capacitance, test
current and Time Constant (TC) with test duration time.

The test voltage can be adjusted either before or during the test, using the up and down
arrow buttons. It is preferable to adjust the voltage in the first 10 seconds after the start
of the test, to avoid interference with the capacitive and absorption currents of the insulator.
Furthermore, the LED and display warnings must be turned off before disconnecting the in-
strument leads or clamps. This indicates that the unit under test has been fully discharged.
Capacitors or inductors, which are reactive loads, can store significant currents that can pose
a lethal hazard.

4.3.1 Insulation resistance test

Insulation Resistance (IR) or spot IR test is the most famous test for this instrument. The test
is applied for a short and specific duration of time and then a reading is recorded. This reading
can be compared with the minimum installation specifications. Tracking this value over time
and comparing it against previously recorded measurements is recommended, unless the result
is exceptionally low, indicating potential issues.

Each test mode is selected on the test mode rotary switch. Rotating the switch to the IR
position sets an IR test. The desired test voltage is chosen using the preconfigured voltage
ranges on the red segments of the main rotary switch or the user lockable voltage range. While
all preconfigured voltage ranges are adjustable using the up and down arrow buttons before and
during the test, the settable voltage range setting should be restricted to the first 10 seconds
of IR and IR(t) tests. The test will start by pressing and holding the TEST button.

The user-defined lockable voltage is configured by rotating the main rotary switch to the
settings position and the mode switch to IR, as shown in Fig.4.11a. The default voltage setting
of 5000V will flash, but it can be adjusted using the up and down buttons. Once the desired
maximum voltage is displayed, the setting can be saved by pressing the OK button and will
remain until it is modified again. Whenever this setting is selected, the set voltage will be
visible on the display screen. The voltage lock feature is beneficial, especially when testing the
insulation of XLPE cables, ensuring that the test voltage does not surpass the specified limit,
such as 5000V. This lock function guarantees that the output voltage remains within the stated
accuracy limits. Upon completion of the test, the insulation capacitance C and its associated
time constant TC are calculated and displayed.

The Time Constant TC is expressed as the product of the insulation resistance with the
insulation capacitance:

TC = Rins X Oins (41)

A timed insulation resistance IR(t) test measures the insulation resistance, but with the
difference that it automatically terminates the test after a preset duration. The timer is set by
default to 1 minute and can be adjusted within the settings function. This feature eliminates
the need for the user to continuously monitor the display throughout the full duration of the
test and the risk of missing the reading at the 1-minute mark.
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(a) IR test mode (b) Timed IR test mode

Figure 4.11: Insulation resistance tests modes

If the timer needs to be adjusted, the main rotary switch must be rotated to the settings
position and the mode rotary switch to the IR(t) mode, as shown in Fig.4.11b. The default
time setting of 1 minute will flash, prompting the user to adjust the duration using the up and
down arrow buttons. By pressing the OK button the test duration is set and then the main
rotary switch must be rotated to select the desired test voltage. Finally, the test will be started
by pressing and holding the TEST button.

4.3.2 DAR and PI tests

The Dielectric Absorption Ratio (DAR) and Polarization Index (PI) tests are resistance mea-
surements over time in which two resistance values at different times are expressed as a ratio.
The resistance measured at time t2 is divided by the resistance at time t1. According to the
IEEE Standard 43-2000 [83], PI is defined as the ratio of insulation resistance at 10 minutes
divided by the insulation resistance at 1 minute:

1Ry
IR

If IR, is greater than 5000M 2 the PI may or may not be a good indication of insulation
condition. Thus, for these values, PI is not recommended by IEEE std. 43. Table 4.2 shows
the importance of different PI values as diagnostic information about insulation conditions.
When the condition of the insulation is characterized as ”good”, the leakage current tends
to be small and resistance steadily increases as the current decreases due to charging and
dielectric absorption effects. Typically, a low ratio suggests minimal change and thereby ”poor”
insulation, while a high ratio implies the opposite.

PI

(4.2)

Insulation Condition | PI value
Poor <1
Questionable 1-2
Acceptable 2-4
Good >4

Table 4.2: PI values showing their diagnostic information about insulation condition

During a DAR test, the times t1 and t2 are chosen differently. The concept is to take
successive readings at specified times during a single test. DAR is defined as the ratio of
insulation resistance measured at 1 minute divided by the insulation resistance at 30 seconds,
although the division with a 15-second measurement is also popular.

[R605

DAR =
IR3OS

(4.3)
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The test relies on the comparison of leakage and absorption currents between clean and dry
insulation with those in moisture or contamination. In good insulation, resistance continuously
increases. However, in contaminated insulation, the leakage current is significantly higher,
making the effects of the absorption current less noticeable. Similarly, table 4.2 indicates the
diagnostic information about insulation conditions provided by different DAR values.

Insulation Condition | DAR value
Poor <1
Acceptable 1-1.4
Excellent 1.4-1.6

Table 4.3: DAR values showing their diagnostic information about insulation condition

Timers t1 and t2 for DAR and PI tests are set from the settings position of the central
rotary switch as long as the test mode rotary switch is rotated to the DAR or PI position.
First, timer t1 will be set followed by timer t2. The default values of t1 and t2 can be adjusted
by using the up and down arrow buttons and then each setting can be confirmed with the
OK button. DAR and PI insulation test voltages are selected on the central rotary switch by
aligning it with the desired voltage setting. A DAR or PI test will begin once pressing and
holding the TEST button.

It is worth noting that DAR or PI measurements are temperature-independent as the insula-
tion temperature should not change throughout the tests. The maximum allowed temperature
is 40°C.

4.3.3 Dielectric Discharge test

The Dielectric Discharge (DD) test, also known as re-absorption current, measures the current
flowing during the discharge of the test dielectric sample, in contrast to the other test modes that
measure current during the charging process. DD enables aging, deterioration and voids of the
insulation to be assessed. Since insulation systems consist of multiple layers, each characterized
by its own capacitance and leakage resistance, this test can detect a faulty layer between
healthy layers. The leakage resistance of this layer will decrease while capacitance likely remains
unchanged. A conventional insulation test typically reflects the condition of the intact layers
and may not detect this issue. However, during dielectric discharge testing, the time constant
of the faulty layer will differ from the others, resulting in a higher DD value.

First, the insulator needs to be adequately charged until it reaches stability, meaning both
charging and polarization processes are complete and only leakage current remains due to
the insulation. During discharge, the capacitive component of the discharge current decreases
rapidly from a high level with a short time constant, usually a few seconds. Conversely, the
released absorption current decreases from a lower level with a higher time constant, spanning
several minutes.

By default, the DD timer is set to a 30-minute charging period, sufficient for complete
absorption within the insulating material. The default test voltage is 500V so the main rotary
switch must be set at or above this voltage level. The default duration t1 consists of a 30-minute
insulation test followed by a fixed 1-minute discharge phase. While the initial 30-minute period
can be adjusted, ensuring that the insulation undergoes complete absorption during this test
interval is essential. Figure 4.12 shows the configurations for the DD test. DD must be selected
on the mode rotary switch and settings on the main rotary switch. Timer t1 can be set using
the up and down arrow buttons and then is confirmed by pressing the OK button.

The instrument measures the discharge current one minute after the test voltage is re-
moved, a timeframe that exceeds the primary time constant of the discharge. When the test
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is completed, the instrument uses this measurement along with the test voltage and calculated
capacitance to produce a metric indicating the quality of the insulation, expressed as:

I

DD =
V xC

(4.4)

where [; is the discharge current in mA one minute after the removal of the test voltage V' in
V (Volts) and C is the insulation capacitance in F (Farads)

Pl
DAR DD

Figure 4.12: Dielectric Discharge test mode

DD results identify excess discharge currents, which occur when a layer within a multi-layer
insulation is worn out or contaminated. If an internal layer is damaged, the discharge current
will be higher, for a given constant voltage and capacitance. The mismatch in the time constant
of this individual layer compared to the others results in a higher current value than that of
intact insulation layers. Table 4.4 reflects the insulation condition according to DD test values.
Good multi-layer insulation exhibits values of up to 2, while homogeneous insulation yields a
DD value of 0.

Insulation Condition | DD value
Bad > 7
Poor 4-7
Questionable 2-4
Good < 2
Homogeneous 0

Table 4.4: DD values providing diagnostic information about insulation condition

4.3.4 Breakdown Step Voltage test

The Step Voltage (SV) test is a controlled overvoltage test, which relies on the fact that an
ideal insulator will yield consistent readings across all voltage levels. Conversely, an insulator
under stress will show lower insulation values at higher voltage levels. Since good insulation
is resistive, an increase in voltage will result in a proportional increase in current, maintaining
a constant resistance value. Any deviation from this may indicate defective insulation. These
defects might go unnoticed at lower test voltages, such as 500V or 1000V. However, as voltage
increases, ionization can occur within cracks or cavities, resulting in an increase in current and
a corresponding decrease in insulation resistance. A recognized standard procedure involves in-
creasing the voltage in five equal steps at one-minute intervals and recording the final insulation
resistance at each level.

Figure 4.13 depicts the configurations set for SV testing. The SV test is selected using the
SV mode switch position and can be performed at any voltage range, including the V range
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setting. If no custom SV test has been set up, a standard five-step test will be conducted with
each step being 1/5th of the test voltage and 1/5th of the test time. For a standard five-step at
the V voltage, the timer is set 1 to 0 seconds if a custom SV test has been previously adjusted.

Figure 4.13: Step Voltage test mode

During the test, the applied voltage increments by one-fifth of the final test voltage each
minute for a total of 5 minutes, with measurements taken at each step. Resistance readings for
the first four steps are displayed under consecutive time designators '1m’ to '4m’. The main
display shows the 5-minute reading. If the user changes the default 5-minute test duration, the
indicators for the four readings will not display the respective '1m’ to ’4m’ markers.

The SV test duration can be adjusted from the default 5 minutes using the up and down
arrow buttons and the setting is saved by pressing OK. The step timer will always be set to
the total test time divided by five. It is noted that setting a step time that is too short may
lead to incorrect readings, while a step time that is too long can over-stress the motor. The
reference standard for step voltage testing is IEEE 95-2002.

4.3.5 Ramp Voltage test

The ramp voltage test is an overvoltage test that resembles the SV test but offers better
control and early warning of potential insulation failure. Unlike the rapid step increases used
in the SV test, the slow, continuous voltage ramp is less likely to cause unpredictable damage
to the insulation. When using this test method, the test voltage is gradually increased at a
predetermined rate to a final level, causing an increase in current. Any variations in current
relative to the increase in applied test voltage can offer valuable diagnostic insights into the
condition of the insulation.

DAR il DD

Figure 4.14: Ramp Voltage test mode

Before performing the overvoltage test, it must be ensured that the windings are completely

discharged if a PI test was conducted to verify its suitability for overvoltage testing, a practice

that is also performed in SV testing. The default voltage ramp rate (47) is 1kV/min, which

can be adjusted in the settings function of the main rotary switch. As shown in Figure 4.14,
the mode rotary switch must be rotated to the ramp mode position. The up and down arrow
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buttons can adjust the Cfi—‘t/ rate to the desired level and then the setting is confirmed by pressing
OK. The test will start by pressing and holding the TEST button.

During the test, the voltage will increment at a ramp rate until it reaches the selected test
voltage unless a breakdown or sudden rise in current is detected. After the test, the final
insulation resistance, voltage, and current are displayed. If the result is saved a complete curve
of current in A and voltage in kV is recorded. This data can be read into PowerDB, PowerDB
Lite, or converted to a spreadsheet, allowing the current-voltage curves to be compared to

published curves in IEEE 95-2002.

Figure 4.15: The Megger MIT1525 15kV instrument in the lab with clamps connected to the
positive (red) and negative (black) terminals

4.4 Memory functions

The MIT1525 instrument can save the results of a resistance or voltage test by pressing the
dedicated save button. The save button will momentarily appear to confirm that the data
has been saved. If a full test curve is needed, the user must enable logging by pressing the
save button before the start of the test. Data will be logged every five seconds throughout
the duration of the resistance test. Voltages cannot be logged in voltmeter mode. The display
backlight can be activated by pressing the corresponding button. Pressing the button again
will turn off the backlight. If not manually deactivated, the backlight will automatically turn
off after a preset timeout period.
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The instrument includes an internal memory that has advanced storage capabilities. This
allows the recall, download and delete of insulation test records by selecting the proper settings
from the blue segments of the main rotary switch.

(a) Recall results (b) Download results (c) Delete results

Figure 4.16: Memory function modes

e Recall results: Selecting the ’open folder’ position in the main rotary switch allows the
user to recall saved results, starting with the most recent result. The up and down arrow
buttons let the user scroll through results based on a sequential four-digit index, while
the left and right arrow buttons scroll through a single result, displaying all saved test
data including time and date. When logging is enabled, only the final result appears on
the screen. The full result can be viewed by the PowerDB app, which is described in 4.5.
In saved results, the test mode is indicated by an icon or abbreviation of each test on the
screen. Furthermore, the open folder icon shows that recall memory mode is active.

e Download results: The default downloading of the instrument is a single test log or
summary result. Downloading of all results is possible by pressing an arrow button. The
download procedure involves the PowerDB app, in which the results are downloaded using
a cable connected to a PC where the data are stored afterward.

e Delete results: There are two options to delete records. These options involve the
deletion of a single result or the deletion of all results. The bin icon must be selected on
the main rotary switch to enable deletion. The first record shown is the most recent test
result. Users can navigate through results by the up and down arrow buttons and when
the desired result is found, it is selected for deletion with the OK button. An X’ icon
will change to a tick and the on-screen bin icon will flash. Pressing again OK will confirm
this deletion. The default action is to delete a single test result, however this can change
by pressing the right arrow button. This action will enable the deletion of all test results
from memory.

4.5 PowerDB

PowerDB is a free software application that can be used for real-time data output records.
Resistance, voltage and current data are sent at a rate of 1 Hz from the instrument and are
shown in real time on figures and graphs. The most common graphs involve plots of current
(1A) and voltage (kV) on the x-y axes, such as those produced on SV or ramp tests. Before
running a test that requires real-time output, a computer with PowerDB downloaded must be
attached via a USB cable. The serial port allocation on Device Manager must be checked, so
the correct serial port number is assigned when starting PowerDB. PowerDB provides specific
instructions about real-time data capture.
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PowerDB is a software tool for collecting and reporting data, which provides a simple and
consistent user interface to many Megger instruments, such as insulation power factor, relays,
transformers, circuit breakers, power transformer ratio, winding and insulation resistance, bat-
tery impedance and discharge test sets, including the MIT1525 15kV IR tester. It can be
directly downloaded from the official Megger website. The latest version will be at the top and
can be installed by clicking the "Download” button and following the onscreen instructions.
After the installation is completed, a shortcut of the application will be created on the desktop
of the user’s computer.

If there is a need for the results of a test to be stored locally in the storage system of a
PC/laptop, the PowerDB acts as the interface for that purpose. On the right side of the MIT
unit, there is a USB cable connection port. The procedure is direct and simple. First, the
instrument must be connected to the PC/laptop via the USB cable, which is provided with the
instrument (shown in Fig. 4.7), and the driver for the instrument must be enabled to be found
online. The instrument is powered up through the USB cable to respond to the driver. The
PowerDB software should be launched by clicking its icon on the desktop. As shown in Figure
4.17, the " Instrument Selection” window opens as the main portal, from which the appropriate
instrument tester must be chosen. The instruments are organized by the type of equipment
being tested. The user will be redirected to the Instrument Configuration Window (Fig. 4.19a).
In Device Manager, the 'Ports’ section contains the serial ports of the user’s computer and one
port should be assigned to 'Megger Device (COMxx)’, where xx represents the port number.
If the port number xx is correctly assigned, it will be shown in which port of the computer is
connected in the 'Serial Port’ tab of the Instrument Configuration window. Other information
regarding the instrument model, test mode, manufacturer, and baud rate is also included and
must be correctly selected. The setting will be completed after clicking OK. Finally, the Form
window pops up, shown in Figure 4.19b. Users must select the appropriate test mode for the
required equipment in this window and click OK to proceed with the test run.

W HdEa%- - & x

FILE HOME | TOOLS  HELP ~ sTie ~ @

DELTA 4000 -3XK 51-568/1068/1568 MIT525/1025/1525

=

PULSAR

51-568/1068/1568 51552 51-1054/554 515010 MIT525/1025/1525 MIT1020 MIT520

POWERDB LITE

Figure 4.17: PowerDB Lite app environment

When the form loads, there is an option in the toolbar at the top to initialize the instrument.
If the communication is successful, an ’OK’ will appear at the top of the form. There is also
an option to set the instrument by clicking the "Setup’ icon next to the ’'Initialize’ icon. The
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simulation mode to run a test is enabled by clicking the ’Simulation mode’ icon and by clicking
it again it is deactivated.

T dRB%s
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New Open Simulation
- Mode
File Edit Data Instrument Settings Test Controls Form Sizing
Figure 4.18: PowerDB toolbar
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Supported Models 51552, 51-1052, 51-1054 / 51-554, MEG10, MIT1020, MIT520, 51-5005 / BM25, 51- GENERATOR PI TEST - 19280
Model: | MIT-525/1025/1525 - MISCELLANEOUS
PI TEST - 60000
DD TEST - 60050
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(a) The Instrument Configuration Window (b) Form window for test mode
Figure 4.19

A new window will appear with the test mode selected for the required equipment. It
provides information regarding the date, humidity and temperature of the equipment, and
graphs that it will produce. At the bottom of the window, a table like the one in Figure 4.20
enables the MIT control application. The table contains headers for voltage (kV), current (uA)
and readings with their corresponding test time execution. The IR test has been selected in
the photo, so the readings contain resistance values in megaohms. The cells represent three
phases A, B and C. Right-clicking on one of the readings of the three phases activates the MIT
control application and clicking on a phase opens up the appropriate application.

INSULATION TYPE: (@ Solid {7 Liquid TEMPERATURE 20 °C TEMPERATURE CORRECTION FACTOR TO 20 °C, TCF l [] ENTERTCF
Display Every L Minutes or L % IR Change or L Delta uAmps Click on blue label frelds to edit
...CLICK HERE TO SELECT DEVICE
A B C

TIME [Vols [READING |FLTER | TEMPCORR |CURRENT | TIME [Vois |READING |FLTER |TEMPCORR. | CURRENT | TIME |Vois |READING | ALTER |TEMPCORR. | CURRENT
(minutes)| (kV) |(megohms) [ SETNG| (megohms) | uA | (minutes)| (kV) |(megohms) | SETING| (megohms) |  uA  |(minutes)| (kV) |(megohms)| SETNG| (megohms) |  uA

Figure 4.20: The PowerDB table that activates measurements

Next, the Import/ Live Stream Control Application window will launch. This window allows
for multiple functions by clicking each button of the image in 4.21.
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e The Start New Live Stream function activates the capture of live streaming data. Test
results are recorded every second for the total duration of the test. Different graphs
can be recorded if different quantities are selected, including time in minutes or seconds,
current, voltage and resistance

e The Start Importing Results function allows the downloading of results stored on the
instrument

e The Save Selected To Form function saves a selected test result from the top-right-hand
menu to the current form in PowerDB Lite. Tests listed under Test Info in the Import/Live
Stream Control application can be saved to any form by exiting the logger (Go Back To
Form option), then clicking the desired phase in the form and selecting Save Selected To
Form.

e The Copy Results to Clipboard function copies all data as Excel cell values, which facili-
tates to be pasted in a CSV or XLSX file.

e The Export Selected function facilitates the export of data of a test from the top-right-
hand menu as a file, so these can be then imported to another software or application,
while the Export All button exports all tests from the menu.

e The Delete functions are separated into three different buttons. The Delete Selected Data
button removes test data from the Test Info section. The Delete Selected button removes
a test from the top-right-hand menu and the Delete All button deletes all tests from the
menu.

S1/MIT Dialog x

Selected Test Name| POLE 188 2. 5KV Test Date/Time | 30/10/2023 11:35:15 np Test Info
Test Type | CUSTOM STEP Breakdown 54
Live Stream #1
Time Actual Voltage Current (uA) Resistance (MOhms) Valid POLE 20 B 1KV
00:00:00 0,000000 0,000020 <0,010000 | POLE 178_2.5kV
00:00:01 2445,000000 0,000650 3740000,000000 1 POLE 198 2.5kV
00:00:02 2548,000000 0,145000 17600,000000 1 POLE 188 2.5KV
00:00:03 2548,000000 0,212000 12000,000000 1 POLE 188 2.5KV
00:00:04 2548,000000 0,223000 11399,999023 1 188
00:00:05 2548,000000 0,199000 12810,000000 1 test
00:00:06 2548,000000 0,166000 15370,000000 1
Start New Live Stream Start Importing Results Save Selected To Form Go Back to Form Export Selected Delete Selected
Copy Results to Clipboard Delete Selected Data Export All Delete Al
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Figure 4.21: A sample of Live Stream Control Application window after a test

PowerDB enables real-time trending of any data values within the test results. This trending
feature allows for easy comparison of new readings with historical values, as well as with similar
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equipment in the database of the user. It appears as a very useful tool for statistical information
based on the selected and retrieved data to help assess the test results and determine the
condition of the equipment.

4.6 Battery and Errors indicators

The MIT unit is equipped with 2 Li-ion batteries of 10.8V, 5.2Ah. The battery symbol on the
LDC screen consists of four pairs of segments. While the device is turned on, the battery is
continuously monitored. The following pairs of segments indicate the remaining battery charge:

—
Fully charged battery IIIII“II i
50% charged battery IIIIIHHHHI]
Tests cannot be started, insufficient charge IHHHHHHHHD
Symbol flashes when there is not enough —_
charge for a test and the instrument will turn I Hu
itself off. SR

Figure 4.22: Battery symbols

When mains power is available, the indicator displays the state of charge by animating the
bar graph segments. If the full battery icon blinks, it means that charging is prevented either
because the temperature is outside the allowed range of 0°C to 40°C or the battery has failed.
The total battery charge time lasts about 2.5 hours and the total battery life lasts for 4.5 hours
of continuous testing at 15kV with a 100M¢2 load.

During the operation of the instrument, various errors can occur. These errors are reported
with different error codes and preceded by 'Err’ on the display screen. The following table
provides the list of the error codes accompanied by the faults they indicate.

"Err’ code Fault
Output voltage over limit
FIFO (memory) overflow
HV board mismatch with control board setup
Battery low error
Control board detected inter-board communication failure
Test button stuck
Measurement board i2c¢ failed
Measurement board detected inter-board communication failure
I[solation power supply cut-out
Instrument attempted auto power off but failed
HYV circuit control fault

D8 ©oo-1o otk Wi

—_
[\

Table 4.5: Faults indicated by their error codes
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5 Experimental procedure

This thesis analysis is part of a large research project, the TEAMstress project, which focuses
on comprehending the deterioration processes of the pole insulation of permanent magnet syn-
chronous axial flux motors having the yokeless and segmented armature topology (see the
1.4.6 section). Unfortunately, it is not possible to provide any photos of these poles due to
a customer’s product agreement. The coil armature of stator poles handles high currents to
maintain a high torque density, which is critical for pole insulation. The research involved
the development of the pole model, the design and development of test benches to conduct
quality test procedures, the analysis of the results and the extraction of valuable conclusions.
There will be a summary of the stages followed chronologically during the realization of the
project, presenting the model development and the tests conducted, but with a primary focus
on the fixed thermal stress procedures. Specifically, there is a reference to the thermomechani-
cal effects caused by thermal cycling testing and are compared to the stresses from the typical
fixed thermal stress testing. Test samples included stator copper bars and stator poles with
mounted windings, some impregnated with epoxy resin and some not. Additionally, the results
of multi-stress aging, which includes mechanical oscillations, are presented. The ultimate goal
is to evaluate the effectiveness of impedance spectroscopy as a reliable and sensitive tool for
assessing insulation health.

5.1 Pole Model Development

Although literature includes numerous models that attempt to describe the coil behavior at
different frequencies [135],[136],[137],[138], less work has been done on experimentally modeling
the actual components with high levels of complexity to enable accurate predictions and account
for most real-world phenomena and manufacturing characteristics. Older models exhibited
lower complexity levels and were developed for design or control only at specific operating
frequencies [139],[140]. An experimentally derived more complex model of stator poles with
mounted windings had to be developed and utilized to support the analysis of data collected
from the accelerated aging methods. A view of the stator pole is provided in 5.1a and its
equivalent circuit in 5.1b with its parameters defined in 5.1.

The stator pole comprises the iron core, encased by a Nomex layer and the coil on the
outside, while the entire assembly is impregnated with epoxy resin. For the conduction of the
experimental procedures, 95 pieces of this segmented stator pole assembly were used, while
some poles that did not undergo impregnation were also used to observe the impact of epoxy
resin on the spectroscopy of the poles after accelerated aging. Equivalent circuit parameters
are extracted from both the pole and the mounted coil, along with additional factors derived
from the equipment used in measurements. This model ensures that poles meet the expected
standards during the manufacturing process, as it ensures that quality inspection, fault prog-
nosis and diagnosis purposes are served. Any parameter variations during aging processes can
cause unique changes in the impedance spectroscopy or Nyquist plots. Therefore, the model
can identify which parameter is leading to that change and subsequently, it can identify the
corresponding defect or issue.

A certain degree of asymmetry has been inserted in the turns modeling. All the coil turns,
except for the first and last turns, share the same characteristics considering R,, L., C;, R;.
The first and last turns are affected by capacitance fringing and coil end effects [141],[142], thus
they exhibit different properties. Additionally, the surface areas of the first and last turns are
smaller than those of the inner coil turns. L., represents a parasitic inductance caused by the
impedance spectroscopy instrument, increased by the inductance of one turn. This additional
turn is actually the combined inductance of the two halves of the first and last turns, which
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are not linked by a capacitance to the second and the second from the end turns. Further
explanation of the other parameters follows in the text later on.

15t turn 2 turn ----  n®tumn
Rend l‘r‘end Ra La Rend Lend
MS "Ci',und I Ci . Il Ci,end
I I I
AN AAN AN
Riena | R; I Ri ena
I
Cr:,q AN R, “ec
rn, Raddz
(a) The stator pole with the
mounted armature coil (b) Equivalent circuit of the examined poles

Figure 5.1: The stator pole design and its equivalent circuit

Raaa Additional resistance due to the circuit winding
Lgeries | In-series inductance due to the instrument augmented by 1 turn’s inductance
Repa Internal turn resistance of the first and last turns of the coil
Lena Inductance of the first and last turns of the coil
Ciend Capacitance between the 1st and 2nd turn of the coil
Rionda Insulation resistance between the 1st and 2nd turn of the coil
R, Internal turn resistance
L, Single turn inductance
C; Capacitance between two turns of the coil
R; Insulation resistance between two turns of the coil
Ceg Added capacitance aiming to measurement correction
Cee Capacitance between the core and coil
R,. Insulation resistance between the core and the coil
Raaa0 Shunt resistance of the impedance spectroscopy

Table 5.1: Equivalent Circuit Parameters Index

5.1.1 Turn parameters

e Internal turn resistance R,

The internal resistance of the coil was measured using an ohmmeter. However, the skin effect
[143] must be considered since the spectroscopy reaches high frequencies up to 20 MHz. Conse-
quently, the resistance has been calculated for each frequency step, as shown in Figure 5.2. The
plot consists of the DC part which remains almost stable and the AC part where the resistance
increments linearly.

l
Ryr = 5.1
e 2-0-(w+t)-9 (5.1)
where [ is the length, o denotes the conductivity, p stands for resistivity, w signifies the thick-
ness, t defines thickness, ¢ represents the skin effect depth and f. is the critical frequency in

which the skin effect acts, where:

1 4 w-t
§=— and fo=—oA—) 5.2
VT fuo and ] Wua(w—l—t) (52)
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Figure 5.2: Skin effect impact on the coil internal resistance

e Coil Inductance L,

The coil inductance was measured using an impedance spectroscopy analyzer for the total of 95
poles. This population allows for reliable statistical analysis. As the frequency increases, the
coil inductance starts to dominate and the phase moves towards 90°. The maximum angle is
identified, which is approximately 90°, and the impedance at this frequency is extracted, which
signifies the total coil impedance. This value is then divided by the total number of turns and
is incorporated into the model. The measured inductances are listed in table 5.2 and their
corresponding statistical data are shown in Figure 5.3. The vast majority of the poles do not
exhibit significant variations, with the average inductance being 37.9 uH.

Limits (¢H) | Number of Points
37.2 - 37.48 3
37.48 - 37.76 3
37.76 - 38.04 30
38.04 - 38.32 31
38.32 - 38.6 18
38.6 - 38.88 4
38.88 - 39.16 1
39.16 - 39.44 3
39.44 - 39.72 1
39.72 - 40 1

Table 5.2: Coil Inductance Ranges and Distributions
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Figure 5.3: Histogram and distribution of measured poles’ inductance
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e Turn-to-turn Insulation Capacitance C;

For measuring the insulation capacitance between the coil turns, a set of 10 copper bars with
thin-film insulation, each coated with PAI insulation and made from the same coil wire, was
used (Figure 5.4). The measurement procedure is straightforward. Each time a pair of bars
is inserted into two ducts within a specially made case, as shown in Figure 5.5. The bars are
positioned perpendicular to each other, forming a square contact area due to their identical
widths. This arrangement allows the first bar to move up and down and the second bar to move
left and right, creating multiple contact areas between them. The ends of the bars have been
stripped of their PAI insulation and function as the electrical contact points for impedance
spectroscopy electrodes.

Figure 5.5: The insulation capacitance
Figure 5.4: The copper wire specimens measurement between turns setup

A total of 80 measurements were conducted to enable a robust statistical analysis. The
impedance spectroscopy results with their corresponding phase are depicted in Figure 5.6.
From these measurements, the minimum angle and the frequency in which occurs were tracked.
A frequency of 80kHz was uniformly chosen, in which the angle for all samples is greater than
-89.8°(~-90°). In this frequency, the circuit behaves like an ideal capacitor. The impedance
value is then extracted at these points and using the following equation the corresponding
capacitance value is calculated:

where w =2nf (5.3)

After solving the equation for all sample setpoints, the corresponding capacitance values were
calculated and organized into groups, as shown in Table 5.3. The corresponding histogram
is depicted in Fig. 5.7a and the calculated normal distribution in Fig. 5.7b. Although the
average capacitance value is 5.1723 pF, the minimum capacitance value is 4.1262 pF while the
maximum value is 6.1355 pF. These values are 20.2% lower and 18.6% higher than the average
respectively.

The mean capacitance value was utilized in this work. It was first adjusted to the correct
surface area before being incorporated into the model. Initially, the measured value was nor-
malized according to the surface area. Next, the mean length of one turn and the actual surface
area of the turn were calculated. Finally, the normalized capacitance was multiplied by the
turn’s surface area and this value was integrated into the model, denoted as C;.
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Figure 5.6: Impedance spectroscopy of the contact area between couples of bars

Limits (pF) | Number of Points
4.1-4.29 2
4.29 - 4.48 4
4.48 - 4.67 8
4.67 - 4.86 9
4.86 - 5.05 11
5.05 - 5.24 11
5.24 - 5.43 9
5.43 - 5.62 7
5.62 - 5.81 6
5.81-6.0 9
6.0 - 6.19 4

Table 5.3: Capacitance Values of the 80 Area Samples
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e Turn-to-turn Insulation Resistance R;

For the insulation resistance measurement between turns, the available 10 copper bars were
utilized, divided into 5 pairs for simultaneous testing. Each pair was placed inside the shielding
case in two parallel ducts, with a thin copper plate crossing over both of them. The ends of
the copper bars are shorted on one side and left open on the other side, leading to a parallel
connection of the bars with the shorted ends and the copper plate. The 15kV Meggohmmeter
was used, described in section Megger user manual, with its two electrodes connected to the
shorted ends of the two bars and the copper plate. The complete setup is depicted and described
in Fig. 5.8. This connection was made since otherwise the insulation resistance has too high
value and the instrument cannot record it directly. By measuring the resistance of two insulation
areas in parallel, their combined resistance R; is recorded by the Megohmmeter. To find the
resistance of each bar, it was assumed that the bars were identical, meaning that they were
made from the same material and had the same dimensions, as well as the resistances are
equal. Therefore, by using the equation for parallel resistance, the resistance R; for each bar is
calculated: )
R, = Ri1- R _ R;- R, _ R; :& (5.4)
Riin+Rio Ri+R; 2R, 2
The IR test mode was set to the 15kV Megohmmeter to subject each sample to 5kV for 8
minutes until the measurement was stabilized, as shown in Figure 5.9. By repositioning the
copper plate, measurements were taken at three different locations on the bars. This approach
generated a statistically significant dataset, from which the mean value was extracted.

Figure 5.8: Measurement setup for insulation resistance: A)the two copper bars, B)the short
circuit at one end of the bars, C)electrode connected to the copper plate placed on top of the
bars, D)electrode connected to the shorted end of the bars, E)the Megohmmeter producing
high voltage
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Figure 5.9: Typical insulation resistance measurement for 8 minutes at 5kV
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e Coil-to-pole properties

The parameters between the coils and core of the poles, inserted in the model, are the insulation
resistance and the capacitance denoted as R.. and C.. respectively. First, to measure the
insulation resistance between the coils and core (or the groundwall resistance), the poles had
to be placed above the copper plate on top of the custom-made case. The connection with the
Megohmmeter is achieved, with one terminal being connected with the contact point between
the copper plate and the pole and the other with the stripped end of the mounted coil of the
pole. The IR test mode was selected on the instrument and the measurement time was set to
14 minutes. This time was sufficient for the capacitive and charge currents to become zero and
the resistance to be stabilized, dependent solely on the leakage current. The mean resistance
value was found R.. = 2.78 T} through the statistical analysis of the results of the 95 poles
and was inserted in the model.

For measuring the insulation capacitance between the core and the coils (or the groundwall
capacitance) a 3D-printed box was crafted with a conducting layer on the bottom to provide
galvanic connection, depicted in Figure 5.11. The pole was placed inside that box, with the
conducting layer being in absolute contact with the pole’s core surface. An impedance analyzer
was used, with one electrode of the analyzer connected to the stripped end of the mounted coil
and the other to the electrode extended from the end of the bottom layer. The impedance and
phase plots were examined similarly to the C; measurement and the capacitance was computed
ensuring that the phase angle was at its minimum and close to —90°.

Figure 5.10: Setup for core- Figure 5.11: The custom-made 3D printed box with conduct-
to-coil IR measurement ing bottom for groundwall capacitance measurements
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Figure 5.12: Impedance spectroscopy of the insulation capacitance between the coil and the
core where: a) the impedance and b) the phase
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¢ End-turn parameters

As already mentioned, the first and last turns of the coils exhibit different properties from the
intermediate turns due to fringing effects and coil end effects. In particular:

1. Ljeng: The first and last turns of the coil do not complete a full turn and the inductance is
proportional to the square of the number of the turns, thereby a factor k is used, equal
to 0.8. Thus, Lijcpng = ki, - L.

2. Cieng: The capacitance of the first and last turns has to be increased by a fringing factor
k. Since the copper bars are very close to each other, electric field lines form from the
sides of the bars and the external surface areas of the first and last turns. The factor k;
was calculated using the following formula [144]:

goerwl N meoer(w + 1)

C:
9 mEQ+Y+ T2 - 1)

(5.5)

where [ and w denote the length and width of the capacitor plates respectively, g signifies
the distance between the plates and ¢ describes the thickness of the plates.
Finally, k; was found equal to 1.1, thus Cicnq = ks - C;.

3. Rieng: The first and last coil turns do not complete a full turn, leading to a difference in
resistance from the intermediate turns by a factor kr. Thus, Ricng = kg - Ra.

e Additional parameters

Additional parameters had to be calculated and integrated into the model due to interference
of the measuring equipment. First, R4 is the additional DC resistance in series with the
entire circuit due to electrodes used for pole wiring with the impedance analyzer, which was
found equal to 1.37€). Lge.es is the inductance in series with the entire circuit due to the
instrument augmented by 1 turn’s inductance, equal to 2.09uH. R, is the shunt resistance
of the impedance analyzer, which has a total of 50€) resistors, and finally, C,, is the added
capacitance, which was estimated for measurement correction so that the impedance spectra
of the equivalent circuit model and the experimentally measured pole match each other.

5.1.2 Frequency response analysis

Once the equivalent circuit model was complete with all its parameters taken into account
and estimated, the impedance spectroscopy method was employed to record the impedance
and phase diagrams of the poles. The FRAX-99 Sweep Frequency Response Analyzer was the
measuring instrument for that purpose, depicted in Fig. 5.13a.

For that purpose, a dedicated table was used to install the relevant equipment. As shown
in Fig. 5.13b, the two electrodes were mounted on the table at fixed positions, spaced in such a
way as to eliminate any parasitic phenomena. These electrodes were properly connected to the
analyzer, particularly to the generator, reference, and measure plugs to enable the production
of the sinusoidal voltage over the entire range of frequencies and the readings to be recorded.
Two smaller wires were connected to the electrodes with crocodile clips at their ends, to which
the pole under test was connected, between the two electrodes. Finally, a laptop was connected
to the instrument to control the measurement process and store the results.

The impedance spectroscopy of the poles was measured by connecting the crocodile clips
of the small wires attached to the electrodes of the analyzer to the stripped ends of the coils.
The diagrams of impedance and phase angle were produced by recording the readings for
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each frequency component in the range of 20Hz to 20 MHz. The impedance spectroscopy of an
experimentally measured pole in comparison to the spectroscopy of the equivalent circuit model
is depicted in Fig. 5.14. Similarly, for the turn-to-turn capacitance measurements, the stripped
ends of the bars were connected to the crocodile clips of the small wires between the electrodes,
to produce the diagrams for C; with the FRAX instrument. For the groundwall capacitance
diagrams, the FRAX analyzer produced its impedance and phase plots for the whole range of
20Hz to 20MHz by connecting one crocodile clip to the stripped end of the coil under test and
the other clip to the electrode extended from the conducting bottom layer, while the pole is
inside the 3D printed box between the electrodes.

(a) The FRAX-99 analyzer (b) The experimental setup for impedance spectroscopy
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Figure 5.14: Impedance spectroscopy of the complete equivalent circuit model (red) and the
experimentally measured pole (black) where: a) the impedance and b) the phase

It is noted that two types of poles were used in this research. Although they have similar
geometrical features, the poles from the first group are impregnated and will be referred to as
Group A. Conversely, Group B comprises non-impregnated poles. Both groups consist of 95
poles in total, all of them have undergone impedance spectroscopy, which will be used as a
reference, referred to as healthy poles, for comparison with the aging test results.

Furthermore, all poles underwent a High-Voltage IR test before thermal stress to determine
the insulation resistance between the coil and core during the modeling stages. This test affected
the coil’s impedance, which is why the results have been included in the analysis alongside the
conditions of both healthy and aged poles. Specifically, the majority of the poles experienced a
drop in impedance amplitude without shifting on the frequency axis, which was attributed to
a decrease of the coil-to-core insulation resistance.
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5.2 Thermal cycling test

Poles were subjected to a thermal cycling test, which simulates the temperature fluctuations in
insulating materials during motor operation under varying loads, but with minimal variations.
More specifically, 18 impregnated poles of Group A and 18 non-impregnated poles of Group B
have undergone this stress. The stress testing of Group A poles was carried out first and was
thus more exploratory. The stressing temperature along with the duration for each cycle are
detailed in Tables 5.4 and 5.5.

Cycle | Temperature | Duration
Range
C1 180-220°C 6 hours Cycle | Temperature | Duration
C2 180-220°C 6 hours Range
C3 180-220°C 6 hours C1 180-220°C 6 hours
C4 180-220°C 6 hours C2 190-230°C 6 hours
Ch 180-220°C 6 hours C3 200-240°C 6 hours
C6 180-220°C 6 hours C4 210-250°C 6 hours
C7 210-250°C 3 hours '
s 910-250°C' 3 hours Table 5.5: Group B Thermal Cycling

Strategy
Table 5.4: Group A Thermal Cycling
Strategy

An oven was used to passively apply the thermal cycling stress on the poles and achieve the
desired temperatures. One digital and one analog thermometer were placed inside the oven to
monitor the temperature throughout the process. Since the insulation class of the poles is rated
for 220°C, the initial aim of the experiment was to stress the poles up to this insulation limit
(220°C). However, minimal changes were observed, thus the temperature limits were increased
to 250°C for the last cycles, but the duration was halved. Each thermal cycle maintained a
constant temperature range of 40°C, with a cycle period of approximately 8 minutes, covering
the time needed for the temperature to rise from the lower limit to the upper and back. At
the end of each cycle, the insulation condition of the poles was assessed using impedance
spectroscopy, producing the corresponding impedance and Nyquist plots.

The impedance spectroscopy results of Group A poles with their corresponding phase dia-
gram are depicted in Figure 5.15 and 5.17. The average behavior of all the samples has been
taken for each cycle. Impedance depends on the DC resistance of the electrodes and wiring
with the analyzer at low frequencies. At the same time, spectrum changes can occur at high
frequencies due to the skin effect and aging mechanisms. Since impedance remains unaffected
in frequencies < 10* Hz, the focus lies on frequency components around 107 Hz, where the pri-
mary and second spikes exist. Hence, the impedance diagrams have been zoomed in to provide
a better insight into the effects of each thermal cycle on the primary and second spike of the
impedance in Figure 5.16. In addition, the Nyquist plot of Figure 5.18 complements the results
of impedance spectroscopy.

The High-Voltage IR test leads to a reduction in impedance amplitude. Consequently, the
Nyquist ellipsis exhibited a smaller radius. Moreover, the secondary impedance peak increased
and shifted to the left compared to the healthy poles.

Upon the completion of the first thermal cycle, results significantly changed. The ellipsis
size expanded at its maximum, impedance increased and the secondary spike shifted to the right
of the healthy one with a higher amplitude. This outcome is attributed to chemical changes in
the entire insulation system. Hence, it is reasonable to infer that the primary change is due to
a reduction in the thin film capacitance, leading to higher impedance.
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1Ol‘mpedance Spectroscopy - Poles with epoxy undergoing thermal cycling
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Figure 5.15: Impedance spectroscopy of the Group A poles subjected to thermal cycling stress
conditions
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Figure 5.16: Zoomed impedance spectroscopy to emphasize the impact on the primary and 2nd
spike
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Figure 5.17: Phase of the Group A poles subjected to thermal cycling stress conditions
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Nyquist Diagram - Poles with epoxy undegoing thermal cycling
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Figure 5.18: Nyquist diagram of the Group A poles subjected to thermal cycling stress

Interestingly, the behavior of the impedance spectra and the Nyquist plots did not follow
a monotonic pattern during the accelerated thermal aging process. The amplitude fluctuated
after each cycle, but the Nyquist ellipsis gradually returned to its original size. The most
notable change is the rightward shift and increased amplitude of the secondary spike compared
to the healthy poles. This complex behavior is due to changes in the chemical composition of
the different coexisting insulating materials, the epoxy and thin film. Their respective electrical
parameters exhibit opposite effects on the total impedance. The insulation resistance decreases
with aging, reducing the impedance. Conversely, aging also reduces the capacitance, increasing
the capacitive reactance and consequently the impedance.

The results of the poles of Group B, which are not impregnated with epoxy to secure the
turns of the coils, are presented in Figures 5.19, 5.20 and 5.21. Less thermal cycles were
executed with the temperature range escalating after each cycle for 6 hours. Similar to Group
A, the IR test caused a reduction in impedance without any frequency axis shift. Additionally,
after the first thermal round, the impedance increased, indicating a decrease in insulation
capacitance, which was also observed in Group A. However, the patterns differ thereafter. In
Group B, impedance decreased with prolonged aging time and stress. The Nyquist plot shows a
consistent reduction of the ellipsis size with increasing thermal stress. That indicates that when
considering only the thin film insulation (no epoxy), the thin film material experiences a rapid
drop in capacitance. Subsequently, the resistance decreases at a faster rate than capacitance,
leading to a steady and monotonic reduction in total coil impedance.

After the 7 thermal cycles, the poles of Group A had undergone an early voltage breakdown
test, using the Megohmmeter. The ramp test mode was selected to produce a ramp-like voltage
gradually increasing by 1kV every minute, reaching 15kV after 15 minutes. However, none of
the poles withstood such high voltages. Particularly, the setup was achieved by having each
pole in full contact with all its turns with a copper bar. One electrode of the Megger was
connected to the stripped end of the bar and the other to one stripped terminal of the coil.
Hence, a high voltage difference could be generated to test the insulation. As the insulation
breakdown approached, the instrument stopped the measurement to prevent a sudden current
surge and recorded the breakdown voltage.
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Impedance Spectroscopy-Poles without epoxy
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Figure 5.19: Impedance spectroscopy at high frequencies of the Group B poles
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Figure 5.20: Phase diagram of the Group B poles subjected to thermal cycling stress conditions
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5.3 Fixed thermal stress

A series of fixed thermal cycles was planned to gather information about the impact of thermal
aging on the poles. These tests are designed to isolate the actual thermal degradation resulting
from the elevated temperature operation from the thermomechanical effects, characteristic of
the thermal cycling stress. The outcomes of this test have been used as a comparative study
alongside the thermal cycling stress results. For a precise analysis, six coils from Group A, six
coils from Group B and ten copper bars were utilized. All of them were aged at each cycle
simultaneously under the same conditions inside the same oven. The oven used was different
from the thermal cycling oven, as this could maintain a constant temperature throughout the
cycles. The detailed testing process is outlined in Table 5.6.

Poles of Group A, Group B & Copper Bars
Cycle | Temperature Duration

C1 200°C 6 hours

C2 207.5°C 6 hours

C3 215°C 6 hours

C4 220°C 6 hours

(015) 225°C 6 hours

C6 230°C 6 hours

Cr 240°C 6 hours

Table 5.6: Fixed Thermal Stress Strategy

5.3.1 Setup and bars

The initial thermal cycle was set at the constant temperature of 200°C for six hours. For the
second and third cycles, the temperature was elevated by 7.5°C each time, while for the next
three cycles, it was progressively increased by 5°C and by 10°C for the last one. Finally, the
temperature was set at 240°C, which surpasses the upper limit of the insulation class. All
thermal cycles lasted for six hours each. Similar to the thermal cycling tests, the poles and
bars were placed inside a clay pot in the oven and two thermometers, one digital and one
analog, were continuously monitoring the temperature to ensure that it would remain constant
throughout the cycle.

The histograms of the bars of each cycle with their corresponding normal distribution are
presented below. The capacitance behavior is complex, preventing any definitive conclusions.
The average capacitance does not exhibit any monotonic trend as the temperature increases.
However, it has been observed that the minimum capacitance at thermal stresses of 230°C and
240°C is lower than the minimum capacitance observed in the analysis of the healthy poles
(Table 5.3).
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Histogram of Cins after 2nd Thermal Cycle
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Figure 5.22: Histograms of the various thermal cycles of the 10 copper bars along with their
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5.3.2 Poles with and without epoxy

The results of impedance spectroscopy for the poles of Group A, displaying both impedance and
phase, are presented in Figures 5.23 and 5.25. Similar to thermal cycling, these results reflect
the collective behavior of the samples for each cycle. Changes at low frequencies are attributed
to the impedance analyzer and the overall wiring of the spectroscopy. Since impedance remains
unaffected in frequencies < 10* Hz, the focus again lies on the high frequency components at
> 10° Hz. The resonance frequencies vary from 0.65 x 107 to 0.78 x 107 Hz. Thus, a zoomed
version of impedance diagrams is provided in Figure 5.24, where the primary and second spikes
are located and variations in amplitude and frequency shifts can occur. Also, the Nyquist plot
of Figure 5.26 allows for an enhanced understanding of the observed variations.
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Figure 5.23: Impedance spectroscopy of poles with epoxy under various fixed thermal stresses
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Figure 5.24: Impedance of poles with epoxy at high frequencies
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Phase - Poles with epoxy under thermal aging
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Figure 5.25: Phase of poles with epoxy under various fixed thermal stresses

From the spectroscopy diagrams for the impregnated poles, it can be seen that the IR test
resulted in a reduction in impedance amplitude with a concomitant decrease in the radius
of the Nyquist ellipsis. Also, the secondary peak amplitude increased and shifted leftwards
compared to the unaged state. The first thermal cycle caused a decrease in the impedance,
which can be justified by the leftward shift in the x-axis of the Nyquist plot, with a concurrent
decrease in amplitude of the secondary spike and shift to the right. The second thermal cycle
resulted in a higher decrease of the resistance, and consequently a decrease of both impedance
amplitude and Nyquist curve size. In the third thermal cycle, phenomena related to thermal
aging become evident. Air bubbles have been introduced in the turn-to-turn insulation, as
the Nyquist ellipsis shifted towards the capacitance region meaning the capacitance has been
reduced. Simultaneously, the resistance also reduced at a higher rate than the increase of the
capacitive reactance, justifying the small decrease of the impedance amplitude and the leftward
shift of the secondary spike. Hence, in the fourth thermal cycle, a sharp expansion of the Nyquist
ellipsis manifested, while the impedance amplitude slightly increased, implying changes of the
dielectric properties of the insulating materials. The fifth thermal cycle dropped the resistance
since the selected fixed temperature surpassed the upper-rated limit of the insulation class.
Both impedance amplitude and Nyquist curve shrunk in size, although the secondary spike
increased and shifted to the right. Similar observations were extracted from the sixth thermal
cycle, as the selected temperature caused a greater drop in resistance value, but the secondary
spike maximized in amplitude and shifted rightwards. In the final thermal cycle, permanent
chemical changes in the dielectric properties of the insulating materials have likely occurred
since the Nyquist curve remained stable in the x-axis with a concurrent upward shift in the
y-axis due to increased capacitance.

Without the influence of thermomechanical phenomena, the effects of fixed thermal stress
on coil impedance become more distinct. There is a continuous decrease in impedance accom-
panied by a slight rightward shift in spectra, as the temperature of the thermal stress increases.
Moreover, the size of the ellipsis decreases after the initial cycle, in the following two and the
last three cycles, exhibiting a monotonic reduction, with an additional change in the shape of
the ellipsis after the final stress cycle (no more horizontal axial changes). This can be caused
by the concurrent changes in the dielectric properties of the epoxy and the thin film insulating
materials.
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lgaf&)uist Diagram- Average values of the poles with epoxy under thermal aging
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Figure 5.26: Nyquist diagram of poles with epoxy under various fixed thermal stresses

Similarly, the results of the impedance spectroscopy for the poles of Group B, including
impedance and phase plots, along with the Nyquist diagram are presented in Figures 5.27,
5.28 and 5.30 respectively. These poles are not impregnated and thereby they exhibit higher
impedance. The resonance frequencies of each plot occurred from 0.8 x 107 to 0.86 x 107 Hz for
all aging cycles, except for the third cycle in which it was observed at ~ 0.94 x 107 Hz. Due to
variations observed in high frequencies > 10% Hz, the plot of Figure 5.29 focuses on the impact
on the primary and second spike, while the Nyquist plot provides a deeper understanding and
comparison with the poles with epoxy.
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Figure 5.27: Impedance spectroscopy of poles without epoxy under various fixed thermal
stresses
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Phase - Poles without epoxy under thermal aging
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Figure 5.28: Phase of poles without epoxy under various fixed thermal stresses
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Figure 5.29: Impedance of poles without epoxy at high frequencies

The IR test has the same effects as those previously reported. However, in contrast to the
impregnated poles, the non-impregnated poles do not exhibit a monotonic behavior throughout
the aging procedure. Below the maximum allowable temperature of 220°C, the impedance does
not show a clear pattern. More specifically, the first thermal cycle caused a reduction of the
resistance due to thermal aging which led to a decrease of the impedance amplitude and Nyquist
curve size. In the second thermal cycle though, the impedance amplitude and Nyquist ellipsis
size increased. The absence of epoxy led to the insertion of air between the coil turns, which
decreased the capacitance and increased the capacitive reactance, as implied by the downward
shift of the Nyquist plot. In the third thermal cycle, the corresponding results of the irregular
shapes in both impedance spectroscopy and Nyquist plot showed that probably a high quantity
of air was introduced that destroyed the measurement. From that point though, the results
started to seem more reasonable. The results of the fourth thermal cycle had slight differences
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in resistance from those of the first thermal cycle. In the three last cycles, a clear monotonic
reduction of the maximum impedance amplitude is exhibited, which can be associated with the
fact that the selected fixed temperature in each cycle surpassed the upper rated limit of the
insulation class. Concurrently, a monotonic decrease in the amplitude of the second spike with a
rightward shift on the frequency axis is observed. Also, the size of the ellipsis of the Nyquist plot
monotonically decreases, which can indicate a decrease in insulation resistance. Particularly, the
Nyquist ellipsis of the fifth thermal cycle shifted upwards and leftwards, implying a simultaneous
decrease in resistance and increase of capacitance. The dielectric properties of the thin film
insulating material likely started to change. Similarly, the impedance dropped in the sixth
cycle due to an additional reduction of the resistance and increase of capacitance, while in the
final thermal cycle, the impedance reached its minimum as the dielectric properties of the thin
film insulating material were probably highly deteriorated.

N%Sb‘(i)“ Diagram- Average values of the poles without epoxy under thermal aging
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Figure 5.30: Nyquist diagram of poles without epoxy under various fixed thermal stresses

A close examination of Figures 5.31 and 5.32 highlights the significant impact of epoxy on
pole impedance. The complex impedance of the impregnated poles is notably lower than that
of the non-impregnated poles. For example, the average impedance of the healthy poles of
Group B poles is approximately 6500€2, while the corresponding impedance of the Group A
poles is 3900€2. Such differences are observed in all corresponding aging stages. Moreover, the
resonance frequencies of the non-impregnated poles are shifted more to the right compared with
the impregnates poles ones. According to the developed model, this outcome indicates that
the additional resistance introduced by the epoxy does not significantly affect the total pole
impedance. The resistance of the thin film is already compared to the other model parameters.
If the epoxy resistance had any substantial effect, the impedance would increase rather than
decrease.

However, the epoxy incorporation augments the total capacitance in the model, which results
in a reduction of the capacitive reactance and consequently decreases the size of the Nyquist
ellipsis. Moreover, air is trapped between the turns of the non-impregnated poles, since the
coil turns remain unwelded due to the absence of epoxy. Because of that air, the turn-to-
turn capacitance is reduced, leading to a subsequent increase in the capacitive reactance and
impedance.
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Figure 5.31: Comparative impedance plots between the Group A & B poles subjected to various
fixed thermal stresses
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5.4 Multi-stress analysis

Mechanical stresses are a type of stress that occurs within the environment of the motors.
Hence, it is paramount to investigate the impact of mechanical stress. This stress can vary in
form and is primarily induced by the different forces produced inside a motor and exerted on
the conductors.

A specially designed mechanical accelerator has been constructed to conduct accelerated
mechanical stress testing, shown in Figure 5.33. The setup comprises an inverter-fed three-
phase induction motor that converts rotational speed into linear oscillation. This pulsating
linear movement is transferred through the front shaft to a wagon, which is screwed into four
linear bearings. The wagon can hold six poles that are connected in series and short-circuited.
The wagon is enclosed inside a C-shaped iron chamber, moving along a track lined with a
series of magnets. Consequently, the poles experience mechanical vibration from the induction
motor and an induced EMF due to Faraday’s law, generating eddy currents and, subsequently,
Laplace forces at twice the oscillation frequency.

—

(b) The side view of the iron chamber with the magnets
(a) The inverter used mounted on top

Figure 5.34: The inverter and the iron chamber with the magnets

The mechanical stress acts as an additional stress rotating with fixed thermal stress. Specif-
ically, 18 impregnated poles of Group A have undergone a multi-stress aging. The accelerated
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aging process is detailed in Table 5.7. Initially, the poles underwent a thermal cycling stress
with the temperature ranging from 200°C to 240°C for 3 hours. Then, the poles were subjected
to four cycles consisting of a fixed thermal stress at 225°C followed by a mechanical stress
produced by the mechanical accelerator. The inverter used is shown in Fig. 5.34a and was
set at bHz. This frequency was selected after experimentally finding it was the upper limit
that would not cause any damage to the setup and adjusted the rotational speed of the motor,
which was transformed into the linear oscillation that mechanically stressed the poles. Each
fixed thermal stress lasted for 3 hours, while each mechanical stress lasted for 1 hour. For this
type of mixed stressing, 5 thermal and 4 mechanical stressing cycles were executed, with the
thermal preceding the mechanical ones.

Stress type Duration (hours) | Stress parameters
Thermal - Cycling 3 200 - 240°C
Thermal - Fixed 3 225°C
Mechanical 1 5 Hz (motor)
Thermal - Fixed 3 225°C
Mechanical 1 5 Hz (motor)
Thermal - Fixed 3 225°C
Mechanical 1 5 Hz (motor)
Thermal - Fixed 3 225°C
Mechanical 1 5 Hz (motor)

Table 5.7: Stressing procedure of the 18 impregnated poles

The corresponding impedance, phase, and Nyquist plots of the average values of the poles
are displayed in Figures 5.35, 5.36, 5.37 respectively. Generally, except for the third mechanical
stress cycle, the mechanical stress generally caused an increase in the dimensions of the Nyquist
ellipsis. Since the chemical composition of the insulation remained unchanged during this test,
no changes in resistance were expected. However, local delamination might have occurred,
introducing air bubbles within the coil turns, altering the dielectric constant of the turn-to-
turn insulation, thereby decreasing its capacitance and increasing the capacitive reactance.
Additionally, for all aging stages, the secondary spike was shifted to the right compared to the
healthy condition and its amplitude significantly decreased during the final stressing cycles,
coinciding with the maximum size of the ellipsis.

More specifically, the IR test manifested an elevation in both resistance and capacitance,
leading to increased impedance amplitude. The first thermal cycle led to a decrease of resis-
tance and therefore a reduction of impedance amplitude and Nyquist ellipsis size. During the
second thermal cycle, the Nyquist curve shifted towards the capacitive region, which indicates a
reduction of the capacitance due to air introduced within the poles. The first mechanical stress
cycle caused an increase in the impedance amplitude due to the decrease of the capacitance
as seen from the downward shift of the Nyquist plot. The third thermal cycle resulted in a
decrease of the resistance due to thermal aging, thus a decrease of both impedance amplitude
and Nyquist ellipsis size. The second mechanical stress cycle led to an additional reduction of
capacitance and thereby an increase of both impedance amplitude and the dimensions of the
Nyquist plot. In the fourth thermal cycle, the impedance amplitude significantly increased with
a simultaneous sharp expansion of the Nyquist curve. It is showcased that local delamination
is likely to have occurred as air bubbles increased the resistance. Hence, the impedance did not
increase during the third mechanical stress cycle but instead decreased, although the increase
of capacitive reactance, as the mechanical oscillations created cracks in the insulation. After-
wards, the behavior of the pole changed, as in the final thermal stress cycle the impedance and
phase rapidly increased with a concurrent sharp expansion of the Nyquist ellipsis.
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Figure 5.35: Comparative impedance plot between the 18 impregnated poles undergoing mixed
stressing
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Figure 5.36: Comparative phase plot between the 18 impregnated poles undergoing mixed
stressing
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Figure 5.37: Comparative Nyquist plot between the 18 impregnated poles under mixed stress

A second series, consisting of 6 poles, underwent a multi-stress aging procedure, outlined in
Table 5.8. This time the mechanical stress cycles precede the fixed thermal stresses, having in
total 5 mechanical cycles and four fixed thermal cycles with an initial thermal cycling stress.
These tests were conducted separately to verify the conclusions from the analysis of the previous
team of poles and to observe the behavior of the secondary spike in impedance spectroscopy
during the final stages of degradation.

Stress type Duration (hours) | Stress parameters
Thermal - Cycling 3 200 - 240°C
Mechanical 1 5 Hz (motor)
Thermal - Fixed 3 225°C
Mechanical 1 5 Hz (motor)
Thermal - Fixed 3 225°C
Mechanical 1 5 Hz (motor)
Thermal - Fixed 3 225°C
Mechanical 1 5 Hz (motor)
Thermal - Fixed 3 225°C
Mechanical 1 5 Hz (motor)

Table 5.8: Stressing procedure of the 6 impregnated poles

The average impedance plots with their corresponding phase plots and Nyquist curves are
displayed in Figures 5.38a, 5.38b and 5.39 respectively. The findings indicated a strong simi-
larity between the two groups. The phase variations at low frequencies between the early and
late stages of degradation in both teams are due to the different cables used to connect sam-
ples, which has a minor effect on the Nyquist curve. Additionally, the impedance spectroscopy
of the 6 impregnated poles revealed a critical threshold for the coil’s health. Between every
cycle of mechanical and thermal stress, poles underwent an early breakdown voltage, using the
Megohmmeter, recording the corresponding breakdown resistance of the coils. After the high-
voltage test, the secondary spike moved to the left of the healthy condition, but the subsequent
aging cycles forthwith shifted it to the right. Up until the third thermal cycle, the amplitude of
the secondary spike remained relatively stable, however in the third mechanical stress cycle its
amplitude greatly dropped. In the last four degradation stages, the amplitude was significantly
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reduced, accompanied by a pronounced local minimum. This consistent pattern across both
teams indicated a potential critical threshold that requires further experimental procedures.
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Figure 5.38: Comparative impedance and phase plots between the 6 impregnated poles under-
going the 2nd mixed stressing

Finally, ensuring full contact between the copper bar and each pole, a final breakdown volt-
age cycle was applied to both groups of poles subjected to consecutive thermal and mechanical
stressing cycles. These results were compared to the readings of six healthy, unaged poles
with the same characteristics that underwent solely a high-voltage test. The corresponding
histogram and normal distribution are displayed in Figure 5.40. A consistent reduction of the
breakdown voltage along with an increase in standard deviation is evident for aged poles. This
rise in standard deviation is due to the inclusion of more aged poles rather than unaged poles
and the occurrence of significantly lower breakdown voltages in some aged poles. The shift of
the normal distribution towards lower voltages identified the monotonic decrease in breakdown
voltage for aged samples. This outcome validated the effectiveness of the multistress accelerated
aging methods.
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Figure 5.40: a)Histogram and b)Normal distribution of the breakdown voltage of the poles
subjected to consecutive thermal and mechanical stress cycles compared to healthy samples
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6 Conclusion and recommendations for future work

The realization of this thesis has led to some significant outcomes, concerning the model and the
experimental results. The development of the model has greatly enhanced the understanding of
various underlying aging conditions, allowing significant progress to be made in a short period.
Despite that, the project is subject to future efforts for further examination.

6.1 Discussion & Conclusion

First, an accurate equivalent circuit has been constructed to represent the poles with their
mounted armature coils of a permanent magnet synchronous axial flux motor through exper-
imental testing. A library of potential manufacturing faults was developed by leveraging this
established model, serving as a valuable tool for both prognosis and diagnosis. In the context
of prognosis, the model allows for predictions for changes in the dielectric characteristics of
the pole as it degrades. For diagnosis, this library facilitates the identification of these faults
through the application of impedance spectroscopy and the generation of the corresponding
Nyquist diagrams. The specific element of the equivalent circuit responsible for the deviations
in resistance and capacitance can be determined. Moreover, this model facilitated the investi-
gation of material and manufacturing tolerances. This analysis was achieved through statistical
evaluation of measured parameters from a significant population of pole samples.

Changes in insulation resistance appear to have a negligible effect on the impedance spec-
troscopy measurements unless an actual fault arises within the system. An IR fault leads to an
increase in angle. Conversely, changes in the chemical composition of the insulating materials
significantly affect the impedance spectroscopy records. This is primarily manifested through
variations observed in the respective capacitance values due to the absorption current.

Impedance spectroscopy plots include a main maximum amplitude and a second local max-
imum impedance (high-frequency resonance spike) at high frequencies; which both contain
significant diagnostic information about the insulation condition. Specifically, alterations in
the second peak are indicative of insulation cracks, delaminations, and detachments of the PAI
insulation from the copper windings. Nyquist plots offer a valuable tool for visualizing overall
changes within the impedance spectra. This graphical representation combines both impedance
and phase information across the frequency range, providing a comprehensive overview of the
dielectric behavior.

While impedance spectroscopy is promising for identifying manufacturing defects within
individual poles, its effectiveness diminishes with the degradation phenomena involved. This
limitation arises from the inherent complexity of the Nyquist plot, which reflects the interplay
of multiple parameters that can change simultaneously and potentially mask the effects of
degradation. Notably, the Nyquist ellipsis of a population of aged poles can closely resemble
those of healthy poles in terms of size and shape. However, breakdown voltage measurements
indicate a substantial degradation of the insulation properties.

A clear monotonic relationship between impedance spectroscopy results and the degradation
levels of the poles was only observed under specific conditions: fixed thermal stress applied
to non-impregnated poles. When thermal cycling and impregnated poles were involved, the
relationship between the spectroscopy results and the degradation of the poles became non-
monotonic. This complexity is attributed to the multifaceted chemical composition of the
different, co-existing insulating materials (epoxy and PAI) of the impregnated poles. On one
side, the aging process leads to a reduction in the insulation resistance and thereby to a decrease
in the total impedance magnitude. On the other side, aging also typically results in a decrease
in the insulation capacitance. This translates to an increase in the capacitive reactance and
subsequently to an increase in the total impedance. Moreover, fixed thermal stress may induce
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discoloration of the poles as a consequence of chemical changes that occur during the thermal
stress.

Electromechanical stress can exacerbate material weakening, particularly following prior
thermal stress. This phenomenon is likely linked to initiating or propagating delaminations
within the coil at an early stage. Once the pole reaches a critical degradation state, the
electromechanical stress tends to increase the size of the Nyquist ellipsis. This is a direct result
of delamination effects, which cause a decrease in insulation capacitance and, consequently, an
increase in capacitive reactance.

The high-voltage testing has shown that the insulation became more susceptible to break-
down after exposure to electromechanical stress. While the average breakdown voltage of the
material might not exhibit a significant change, the mechanical stress appears to introduce
weak spots within the previously thermally degraded insulation. These weak spots can lead to
premature breakdown events at considerably lower voltages.

The fixed thermal stress lowered the required breakdown voltage as anticipated and caused
changes to the standard deviation of the sample distribution compared to the healthy samples
as well. This change was not observed when the multi-stress procedure involved thermal cycling
stress instead of fixed thermal aging, where the standard deviation of the normal distribution
of the samples remained similar to that of the healthy cases.

The analysis suggests that early faults may be more likely attributed to phenomena involving
adjacent poles rather than inter-turn short circuits within the winding. This conclusion is
supported by the observation that the only broken pole exhibits such a failure mode. An
additional protective insulation layer around the coil before the impregnation process could be
proposed to protect the windings from short circuits.

6.2 Future work

Although the derived model is more analytical than those proposed in existing literature, it can
be further enhanced for a more complex and precise representation of the pole. This model will
incorporate the individual complex inductance between each turn and the core. This refined
model has the potential to reveal the location of faults within the winding with greater accuracy
and could be used for degradation mechanisms analysis.

A series of degradation studies involving adjacent poles could be conducted. This research
would provide valuable insights into the mechanisms responsible for turn-to-turn short circuits
within the windings.

Extended fixed thermal cycles with longer durations are recommended to gain deeper in-
sights into the behavior of the poles under fixed thermal stress. This approach will likely yield
more pronounced and severe degradation effects, facilitating a more comprehensive understand-
ing of the failure mechanisms. Exploring the combined effects of various thermo-electrical-
mechanical stresses is crucial for a holistic perspective on complex degradation processes. By
investigating the interplay of these stresses, the research can provide more accurate conclusions
about the longevity and integrity of the poles under realistic operating conditions.
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