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Electromagnetic induction coils are widely used in a variety of applications,

such as motors, solenoid valves, and relays. Many of these applications are safety-

critical. Failure of the insulation that protects the windings in electromagnetic coils

is a significant cause of coil failure and can have severe implications for system reli-

ability. An effective insulation health monitoring program can reduce maintenance

and replacement costs, predict the useful lifetime of the coil, and improve the oper-

ational availability of the system in which the coil is used. Impedance monitoring of

coils has emerged as a promising approach for non-invasive, in-situ insulation health

assessments of electromagnetic coils. Yet, little was understood about the relation-

ship between coil impedance and traditional insulation health metrics, such as insu-

lation capacitance and insulation resistance. Furthermore, relating the impedance

measurements to chemical and mechanical characteristics of the insulation material

is important to understanding the relationship between impedance measurements

and the state of the insulation at failure. This study describes the development an



improved method of electromagnetic coil insulation health monitoring and shows

the uncovered relationships between coil impedance and the insulation electrical,

chemical, and mechanical properties.
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Chapter 1: Introduction

1.1 Motivation

Electromagnetic coils are fundamental energy conversion and transformation
components of many systems, widely used in motors, transformers, and solenoids,
which are subsequently used in intelligent control of electro-pneumatic braking sys-
tems in motor vehicles, diesel fuel injection control systems, automobile transmis-
sion control, process control, and in critical safety-instrumented functions. A few
examples are shown below in Figure 1.1. Their functionality lies in the conver-
sion of electrical energy to mechanical energy as is the case with electric motors or
solenoid-operated valves (SOVs); or alternately, as with alternators, the conversion
of mechanical energy to electrical energy. In the case of transformers, electrical
energy is transferred from one circuit to another.

Figure 1.1: Examples of electromagnetic coil uses

A study conducted by Oak Ridge National Laboratory (ORNL) [1–3] showed
that over 50% of solenoid-operated valve (SOV) failures in U.S. nuclear power plants
were attributed to electromagnetic coil faults (e.g., coil opens and shorts). The
breakdown of the ORNL study on SOVs is shown in Figure 1.2. The IEEE Motor
Reliability Working Group [4, 5] found that electromagnetic coil insulation prob-
lems contribute to one-quarter of motor failures, while Thorsen and Dalva found
the same contribution to be approximately one-third [6]. A survey of 1199 hydro-
generators carried out by CIGRE (International Council on Large Electric Systems)
study committee SC11, EG11.02 gave detailed results of 69 incidents, finding that
56% of the failed machines showed insulation damage [7]. Downtime caused by
these unplanned outages can be quite costly [8], hence identifying insulation degra-
dation at an early stage of progress can reduce operations and maintenance costs
by enabling condition-based maintenance or replacement.
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Figure 1.2: SOV failure data in the nuclear industry as compiled by ORNL [1]

Electromagnetic coils are constructed of magnet wire, which is defined by
the NEMA 1000 standard as: an insulated electrical conductor, most commonly
copper or aluminum that when wound into a coil and energized creates a useful
electrical field [9]. A cross section of AWG38 (American Wire Gauge 38) with
a copper conductor is shown in Figure 1.3. In this figure, the diameter of the
conductor is shown along with the thickness of the insulation. The insulation, or
enamel, is separated into thermal classes based on the temperature at which the
material is expected to survive for 20,000 hours. This is computed by exposing the
material to 3 different elevated temperatures (at which the polymer is expected to
degrade relatively quickly) and determining the times when the material experiences
dielectric breakdown. The times and temperatures are then fit to an Arrhenius
model, and the temperature at which the model meets 20,000 hours is considered
as the rated temperature. Some common classes are:

• Class A: 105 ◦C

• Class B: 130 ◦C

2



• Class F: 155 ◦C

• Class H: 180 ◦C

Conductor

Insulation

Figure 1.3: Cross sectional view of AWG 38 magnet wire with a copper conductor
(outer edge outlined in red) and single build polyester-imide insulation (outer edge
outlined in white).

Angadi et al. [10,11] conducted accelerated testing of SOVs and concluded that
SOVs are susceptible to “coupled electrical-thermal-mechanical failure mechanisms.”
The stresses driving these mechanisms were described as follows: Joule heating of the
conductor wire from electrical power subjects the insulation to thermal stresses from
the temperature rise and mechanical stresses from the expansion of the conductor.
One challenge is to monitor the health of the electromagnetic coil insulation in-situ.
SOVs are often applied in safety-instrumented functions (SIFs), with between 2-
4% of all solenoid valves used in chemical process plants being devoted to use in
SIFs [12]. SIFs require high reliability, but are generally in-line with the process,
rendering SIF functional tests disruptive and costly. A method that can assess the
in-situ health of SOV electromagnetic coil insulation can improve the reliability of
SIFs without affecting the process.

The degradation of magnet wire enamel is a primary reason that shorts form
in the coil [10,11,13]. Magnet wire enamel is generally a polymeric material, hence
the study of magnet wire enamel is akin to studying the degradation of polymers.

Thermal oxidation initiates when heat induces free-radical formation at some
point along the polymer chain. A sequence of reactions follows, first proposed by
Bolland and Gee [14], generally referred to as the basic auto-oxidation scheme: chain
initiation, chain propagation, chain termination. Oxidation introduces acid groups
into the polymeric insulation, which can alter the electrical characteristics of the
insulation. The process results in a polymer with a lower average molecular weight,
embrittling the polymer and causing the polymer to form cracks, and thus changing
the mechanical properties [15, 16]. Depolymerization is a gradual process that con-
verts polymers into monomers. This phenomenon, where polymer chains break into
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shorter units, occurs in all polymers including cellulose at elevated temperatures
even in the absence of oxygen. This reaction is, in general, a much slower one than
oxidation, but at high temperatures, it can become an important factor.

Similarly, when a polymer is exposed to moisture, it can undergo a hydrolysis
process, which also results in polymer chain scission leading to lower molecular
weight and increased deformation at low stresses (i.e. decreased elastic modulus).
Moisture exposure can also result in absorption of moisture, leading to changes in
the mechanical properties, a reduction of the glass transition temperature, Tg, and
changes in the dielectric properties of the polymer [15, 16]. Moreover, exposure
to high humidity/moisture environment can lead to delamination of the enamel
from the conductor. However, the humidity level can be tempered by the local
temperature around the coil. In other words, the humidity level of the environment
in which the coil is used will likely be greater than the humidity in the immediate
vicinity of the powered electromagnetic coil. This is due to the Joule heating of the
coil and its effects on the local temperature of the coil, which generally drive down
relative humidity.

1.2 A Preliminary Experiment

To gain understanding about insulation degradation in electromagnetic coils,
an experiment was performed. The goal of this experiment was to purposefully
degrade magnet wire insulation, while taking electrical impedance measurements,
in order to explore health monitoring capability of electrical measurements.

Figure 1.4: SOV used in 80 ◦C/50 % RH experiment

1.2.1 Experimental Setup

A generic solenoid valve (shown in Figure 1.4) with a DC resistance of about
10.3 Ω was aged in a temperature/humidity chamber at its rated temperature of 80
◦C and a relative humidity (RH) of 50 %RH. (Note: the valve was unrated with
regards to relative humidity.) The insulation material was not disclosed in the data
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sheet, but using Fourier transform infrared (FTIR) spectroscopy, the material was
found to be a combination of polystyrene and polyethylene terephthalate. The wire
gauge was also undisclosed in the data sheet, but the diameter was measured to
be about 380 µm and the insulation thickness was measured to be about 27 µm,
hence the magnet wire was determined to be AWG (American Wire Gauge) 26.5. A
turn-to-turn short formed in the SOV electromagnetic coil after about 3120 hours.
Considering the function of the insulation is to provide electrical isolation, 3120
hours is taken to be the time at which the insulation failed.

As the coil insulation was degraded, an LCR (inductance-capacitance-resistance)
meter was used to take impedance measurements of the coil. The reason behind tak-
ing impedance measurements of the coil is as follows. If the coil is viewed from a
lumped parameter viewpoint, then the relationship between two turns of wire can
be visualized using the circuit in Figure 1.5.

Figure 1.5: Theoretical lumped parameter model for an electromagnetic coil

Hence, each turn of the coil has a resistance per unit length (based upon the
conductor material, cross-sectional area, and turn circumference), an inductance per
unit length, and the insulation has a capacitance and conductance per unit length
(based upon the insulation material, thickness, and turn-to-turn geometry). In the
model shown in Fig. 1.5, these parameters are dependent upon the location in the
coil (i.e., x1 or x2) and the time, t. These parameters will interact among all the
turns of the coil resulting in a terminal impedance in which all the parameters are
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represented, such that Ztotal = f (ω,R,L,C,G), where the bold letters represent
the total values of each parameter. Therefore, by taking bulk impedance measure-
ments, the values of insulation conductance and capacitance will be captured, which
can be useful in characterizing the health of the insulation.

In this experiment, the SOV was removed from the temperature/humidity
chamber once every 48 hours, and the impedance spectrum was measured. Using an
Agilent 16047E four-terminal fixture, the coil was connected to an Agilent E4980A
LCR meter and impedance was measured at frequencies ranging from 20 Hz-2 MHz
(501 frequencies equally spaced in the base-10 logarithmic domain), with a root
mean square voltage signal of 500mV. The measured spectra are considered to be
isothermal with the coil DC resistance used as a proxy for coil temperature, such that
once the DC resistance reached a steady-state value, impedance measurements were
taken. Hence, each impedance measurement was taken at room temperature, which
ranged between 22 ◦C and 26 ◦C. The measurement time varied according to the
frequency from 220-480 ms. This measurement setup for the SOV electromagnetic
coil terminal impedance is illustrated in Figure 1.6.

Figure 1.6: Measurement setup for terminal impedance measurements of the SOV.

At each frequency, 8 impedance measurements were taken sequentially and
averaged to produce one final output measurement. The impedance data can be
represented as a time vector and impedance matrix, as shown in Equation 1.1.

t =
[
t0 t1 · · · tT−1 tT

]

Z =



Z (t0, f1) Z (t1, f1) · · · Z (tT−1, f1) Z (tT , f1)
Z (t0, f2) Z (t1, f2) · · · Z (tT−1, f2) Z (tT , f2)
Z (t0, f3) Z (t1, f3) · · · Z (tT−1, f3) Z (tT , f3)

...
...

. . .
...

...
Z (t0, fN−1) Z (t1, fN−1) · · · Z (tT−1, fN−1) Z (tT , fN−1)
Z (t0, fN) Z (t1, fN) · · · Z (tT−1, fN) Z (tT , fN)


(1.1)

In this experiment, N = 501 (f501 = 2 MHz) and T = 41 (t41 ≈ 3120 hours). Some
analysis methods are discussed in the next subsections.
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1.2.2 Electrical Impedance

Electrical impedance, similar to resistance, is an expression of the opposition
to electron flow and is measured in Ohms (Ω). It is complex-valued and frequency-
dependent, and can be expressed as: Z (ω) = R (ω) + jX (ω), where j =

√
−1 is the

imaginary unit. The real part is called resistance and the imaginary part is called
reactance. Resistance is the opposition to electrical current, and reactance is the
opposition to a change in voltage or current due to capacitive or inductive behav-
ior. Reactance is generally expressed as a combination of inductive and capacitive
behavior: X (ω) = XL (ω) + XC (ω). The impedance of an ideal resistor is purely
real (R), while the impedance of an ideal inductor (jωL) or capacitor

(
(jωC)−1

)
is purely imaginary. Positive reactance is considered as inductive reactance, while
negative reactance is considered as capacitive reactance. The resonance of any given
circuit is the frequency where inductive reactance is exactly balanced by capacitive
reactance; i.e., X (ωr) = XL (ωr) +XC (ωr) = 0.

1.2.3 Spearman Rank Correlation Coefficient

When searching for a health indicator to be used in a diagnostic or prognostic
application, a desirable trait is for the health indicator to trend monotonically over
the specified lifetime of the component or system. The Spearman rank correlation
coefficient is a measure of the monotonic relationship between two variables and
can be employed to discover features useful for health monitoring. Essentially, the
Spearman correlation coefficient is computed in the same manner as the Pearson
correlation coefficient, except the raw data is transformed into rankings. For a
dataset of size n and where each point is distinct and non-repeated, the Spearman
rank correlation coefficient is calculated as:

ρ = 1− 6

n (n2 − 1)

n∑
i=1

d2i (1.2)

In this computation, the raw samples, Xi, Yi, are converted into ranks xi, yi, and
di = xi − yi is the distance between the ranks. Identical values (rank ties or value
duplicates) are assigned a rank equal to the average of their positions in the as-
cending order of the values. The Spearman correlation coefficient ranges from +1
to −1 such that when ρ = +1 (−1), each of the variables is a perfect monotonically
increasing (decreasing) function of the other.

The Spearman correlation coefficient can be used to measure linear or non-
linear monotonic relationships between two variables. Hence, the measure is more
general than the Pearson correlation coefficient, which measures only the linear
correlation between two variables.

1.2.4 Experimental Results

The time evolution of the impedance spectrum response to the tempera-
ture/humidity aging is shown in Figure 1.7. In total, there were 42 impedance spec-
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trum measurements, including the spectrum measured when the short was formed.
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Figure 1.7: Time evolution of solenoid valve electromagnetic coil impedance spec-
trum (above: resistance; below: reactance) resulting from exposure to 80 ◦C/50%
RH environment. Every impedance measurement up to and including the first mea-
surement of a short is shown, totaling 42 separate impedance spectra. The initial
resonant frequency was 251.5 kHz.

Despite a 2.5% decrease in the resonant frequency prior to the formation of
the short, the spectra do not visually reveal the magnitude of shifts that were
experienced by the coil prior to the formation of the short. Using the Spearman
rank correlation coefficient, each frequency can be independently assessed as an
indicator of aging [17]. The Spearman correlation coefficient can be used to identify
regions of the frequency spectrum that closely correspond to the exposure time.
This is important when attempting to find a health indicator for diagnostics and
prognostics. The Spearman correlation coefficient for all frequencies, separated for
resistance and reactance, was calculated using the measurements at each frequency
as a time series (i.e., each row of the impedance matrix from Equation 1.1) and then
correlating these data with the time vector.

Figure 1.8 shows the correlations of all frequencies to the total exposure time
prior to the formation of the turn-to-turn short. The frequencies with highest corre-
lations must be further investigated to understand the trends and find features to use
for insulation diagnostics and prognostics. However, some preliminary observations
can be made. First, the resistance measurements at frequencies below resonance are
positively correlated with the exposure time, while at frequencies above resonance,
resistance is negatively correlated with aging time. Second, reactance is positively
correlated with exposure time, except for a small region of frequencies around reso-
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Figure 1.8: Spearman correlation coefficient spectrum for 80 ◦C/50% RH aging (us-
ing data prior to formation of coil short). The movement of the resonant frequency
is not shown since the resonant frequency only decreased by about 2.5% prior to
insulation failure.

nance where reactance is negatively correlated with exposure time. The resistance
and reactance measurements for some of the higher correlated frequencies are shown
in Figures 1.9 and 1.10. The Spearman correlation coefficients for each frequency
are shown in the figures. In the reactance figures, the mathematical expressions of
inductive and capacitive reactance are shown.

The measurements presented in Figures 1.9 and 1.10 show that key frequencies
in the impedance spectrum contain information that can be used to perform prog-
nostics for the coil insulation. Furthermore, it should be noted that the time series
at these frequencies showed much greater sensitivity to insulation health than the
coil resonant frequency, which has been proposed as an insulation health indicator
in past research. In this experiment, the resonant frequency decreased by about
2.5%, while reactance at 276.1 kHz decreased by about 25% and resistance at 240.4
kHz increased by about 14%.

This experiment showed how impedance data can be analyzed to reveal fre-
quencies at which the measurements are sensitive to insulation degradation. Using
the Spearman correlation spectrum, frequencies can be identified where impedance
measurements thereof can be used for insulation prognostics. Furthermore, the
Spearman correlation spectrum raises several research questions regarding the degra-
dation process of insulation and how the degradation affects the electromagnetic coil

9



0 500 1000 1500 2000 2500 3000
time (hr)

880

900

920

940

960

R
es

is
ta

nc
e 

(Ω
) a

t 5
1.

4 
kH

z

0 500 1000 1500 2000 2500 3000
time (hr)

2.1

2.15

2.2

2.25

2.3

R
es

is
ta

nc
e 

(Ω
) a

t 2
40

.4
 k

H
z ×104

0 500 1000 1500 2000 2500 3000
time (hr)

170

180

190

200

210

R
es

is
ta

nc
e 

(Ω
) a

t 1
.7

 M
H

z

0 500 1000 1500 2000 2500 3000
time (hr)

8500

9000

9500

10000

10500

11000

R
es

is
ta

nc
e 

(Ω
) a

t 3
09

.8
 k

H
z

ρ = 0.9869 ρ = 0.9012

ρ = −0.9916 ρ = −0.9383

Figure 1.9: Resistance time series resulting from temperature/humidity exposure at
(clockwise from upper left to lower left): 51.4 kHz; 240.4 kHz; 1.7 MHz; 309.8 kHz.
The Spearman correlation coefficients for each time series are shown.

impedance. As discussed previously, resistance (Re {Z (ω)}) was positively corre-
lated with aging time at frequencies below resonance and negatively correlated at
frequencies above resonance. Reactance (Im {Z (ω)}) was positively correlated with
aging time at most frequencies above and below resonance, except a small region
of frequencies around resonance. What changes in the insulation material and/or
geometry caused the impedance to change in such a manner? What do the changes
in the impedance measurements tell us about the physical state of the insulation
material? Are certain frequencies in the spectrum more sensitive to changes in the
insulation properties?
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Chapter 2: Literature Review

In the following chapter, a thorough review of the available literature on insu-
lation health monitoring and insulation material analysis is presented. This is done
to expose the research gaps and illuminate available avenues for further research.

2.1 Traditional Approaches to Insulation Health Monitoring

Traditional methods of insulation health monitoring generally rely on direct
contact with the insulation under investigation. In 2004, Dr. Greg Stone et al. [13]
released the book Electrical Insulation for Rotating Machines: Design, Evaluation,
Aging, Testing, and Repair, which has become a standard reference for insulation
used in rotating machinery. In the book, the available methods of diagnostics for in-
sulation were discussed. These methods include the measurement of the dissipation
factor (DF), insulation capacitance (C), polarization index, insulation resistance
(IR), insulation power factor, and offline partial discharge. A common theme for
the methods discussed is direct access to the insulation. In other words, in order
to measure the insulation capacitance, for example, one must have the ability to
place electrodes outside the insulation, in effect using the insulation as a dielectric
between the inner conductor and the outer electrodes, as shown in Figure 2.1. (An
alternate technique for measuring insulation capacitance was discussed by Sheldon
and Bowler in 2014 [18], yet this still requires direct access to the insulation under
investigation.) The goal of these methods is to provide a parameter (or parameters)
that can be measured and trended over time, thus providing a means to understand
when the the coil should be replaced prior to insulation failure. However, these
methods cannot, in general, be applied in-situ, nor to systems in which the coil is
inaccessible, such as when an SOV electromagnetic coil is encased in epoxy and/or
enclosed in a cover.

Since these methods are difficult or impossible to apply in-situ, other methods
are available to provide a measure that is sensitive to insulation degradation. For
high-voltage machines, partial discharge (PD) has been used as such a measure in
insulation health-monitoring activities. According to Tavner [19]: ”Electrical dis-
charges are transitory, low-energy disturbances that radiate electromagnetic, acous-
tic, and thermal energy. That conducted energy cause perturbations to the voltage
and current waveforms at the terminals.” There is a vast body of literature describ-
ing how characteristics of PD can be used as diagnostic and prognostic features for
insulation health monitoring [13, 20–25]. Generally, online partial discharge testing
is only applicable to high-voltage (generally > 2.3kV) machines. (It is worth men-

12



Figure 2.1: Traditional insulation electrical parameter measurement

tioning that machines driven by voltage inverters can experience over-voltages and
surge currents due to pulse-width modulated (PWM) signals, leading to PD even
in medium- to low-voltage induction machines [26, 27].) Hence, for a system like
the SOV, which operates in 120 VAC and generally < 30 VDC, partial discharge
monitoring is infeasible.

Others however, have developed methods of investigation into the health of
electromagnetic coil insulation that do not rely on the need for direct access to the
coil insulation. The idea to measure broadband impedance as a method of predicting
stator-winding failure was first put forth in 2001 and 2002 in a series of patents by
Kendig and Rogovin [28, 29]. Yet, the methods were never fully elucidated in the
technical literature, hence the theoretical and experimental work has continued to
investigate the use of impedance in electromagnetic coil health monitoring.

2.2 Coil Impedance Modeling and Measurement

ORNL released a follow-up study to their investigation into solenoid valve fail-
ures in nuclear plants in the United States, where Dr. Robert Kryter attempted to
find methods of performing health monitoring of solenoid valves [2,3]. He proposed
a set of methods for monitoring the health of the valves mechanical components as
well as the electromagnetic coil. In order to monitor the health of the electromag-
netic coil, Dr. Kryter suggested the use of an equivalent circuit model (ECM). His
suggested ECM is shown in Figure 2.2, which is also a commonly applied model for
inductors [30–32].

To test this ECM, Kryter tested a healthy and a faulty solenoid valve by
holding the valve at 30 VDC and measuring the dynamic voltage response after
stepping the voltage down to 0 VDC. The healthy valve coil was new, while the
faulty valve coil had ≈ 6% of its turns shorted. The dynamic responses are shown
in Figure 2.3. From the data gathered in these dynamics responses, Kryter was able
to fit the parameters of the ECM using Equations 2.1 - 2.3.
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Figure 2.2: Equivalent circuit model used by Kryter [2, 3] in his simulations of a
healthy and faulty SOV electromagnetic coil.

Figure 2.3: Dynamic responses of healthy (left) and faulty (right) SOV coils after
stepping down to 0 VDC from 30 VDC [3].

V (t) =
V0Tn
2πL

e−αt sin

(
2π

t

Tn

)
(2.1)

Tn = 2π

√
1

LC
− R2

4L2
(2.2)

α =
R

2L
(2.3)

Although he was able to replicate the behavior of the healthy coil, he found
that he was unable to use the ECM to replicate the measured responses of the faulty
coil. He thusly concluded that the ECM was not sensitive enough to perform health
monitoring of the SOV electromagnetic coil insulation.
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Perisse et al. [33] constructed a complex equivalent circuit model (shown in
Figure 2.4), where Ls represents the overhang and slot section inductance, Rs is the
equivalent series resistance, Ci is the turn-to-turn insulation capacitance, and Ri is
the dielectric loss resistance. He showed that changes in the turn-to-turn capaci-
tance of the electromagnetic coil (the parameter Ci was changed in a bulk fashion)
were reflected in the coil resonant frequency, finding that insulation capacitance
was inversely related coil resonant frequency. He only simulated the changes in coil
resonant frequency in response to changes in insulation capacitance, neglecting how
changes in other electrical parameters, such as the insulation resistance, might affect
the coil impedance response.

Figure 2.4: ECM used by Perisse et al. [33] in their simulations testing the effect of
insulation capacitance migration on coil resonant frequency.

In 2009, Perisse et al. [34] tested a method for measuring AC motor coil reso-
nant impedance frequency over a small range of frequencies while an AC motor was
powered, and presented a decision-making process regarding the aging of the ma-
chine insulation. In this experiment, it was observed that the resonant impedance
shifted to lower frequencies as the motor coil aged. The failure threshold was set at
95% of the healthy resonant frequency; no explanation was provided for this choice
of failure threshold. Moreover, further experimental analyses (shown in the present
study) have shown that resonant frequency is not the most sensitive indicator for
insulation health.

Neti and Grubic [35] also constructed an extensive ECM for a motor coil,
showing results similar to those found in [33]. Next, they connected variable capaci-
tors and resistors in parallel with motor coils and measured the impedance response
of the system. The variable capacitors and resistors were intended to simulate
changes in the turn-to-turn capacitance and resistance and the ground-wall capac-
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itance and resistance (insulation between the electromagnetic coil and the external
metal casing, typically seen in electric motors). Their experimental measurements
showed that variations in the parallel resistors and capacitors produced changes in
the impedance response of the motor coils. Unfortunately, no experimental data
were presented showing how aging produced changes in the insulation capacitance
or insulation resistance. Nor is it clear how connecting electrical components in
parallel relates to the changing electrical properties of insulation.

2.3 Temperature-driven Insulation Impedance Changes

Werynski et al. [36] investigated the ability of a magnetic field sensor to detect
changes in the high-frequency resonant impedance of a motorette. (Motorettes are
designed to be small-scale models of electric motor stator windings [37, 38].) First,
however, the group placed twisted pairs (i.e., a pair of magnet wires twisted to-
gether, as shown in Figure 2.5) with polyester-imide insulation under thermal stress
and found that the insulation capacitance (measured at an undisclosed frequency)
increased as breakdown voltage (measured at 50 kHz) decreased. Since breakdown
voltage is a measure of insulation degradation, this study showed that as the in-
sulation degraded, the insulation capacitance increased. Then they measured the
phase shift between an injected high-frequency signal and the resulting magnetic
field. They claimed that this phase difference could be used as a health indicator for
the insulation, but did not perform any life testing to verify that a magnetic field
sensor could be used in a health-monitoring capacity.

Figure 2.5: Example of a magnet wire twisted pair [39].

A contradicting set of studies was published by Lee et al. [40] and Younsi et
al. [41], who used a high-sensitivity current transformer to measure the differential
current of the line and neutral end of each phase winding of a three-phase AC
motor. The results showed that as the insulation aged, the loss angle decreased,

where the loss angle was defined as δ = tan−1
(
ĨR/ĨC

)
, and I is the current, and

the subscripts R and C refer to resistive or capacitive, respectively. The authors
of this study concluded that the reduction in conductivity was faster than loss in
capacitance, which is contrary to the claim by Werynski et al. that the capacitance
increased over the aging period.

In 2011 and 2013, Savin et al. [42, 43] performed testing on twisted pairs of
magnet wire with two-layer polyester-imide/polyamide-imde insulation. He showed
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that as the pairs aged at elevated temperatures, the partial discharge inception
voltage (PDIV), which is an indication of insulation degradation, decreased as the
turn-to-turn capacitance (measured at 10 kHz) increased.

In 2008, Diaham et al. [44] aged polyimide film at 300 ◦C in air and N2 for up
to 167 hours. They found that the electrical dissipation factor decreased in air at
frequencies between 100 Hz and 200 kHz, but increased in N2 at frequencies between
0.8 Hz and 1 MHz, where the dissipation factor is expressed as:

DF (ω) = tan δ (ω) =
Im {ε (ω)}
Re {ε (ω)}

=
ε′′ (ω)

ε′ (ω)
(2.4)

They also found that during the aging period, the DC conductivity of the polyimide
films decreased when aged in air, but increased when aged in N2. In order to
compute the DC conductivity, they used a relationship between low frequency AC
conductivity and the DC conductivity as shown in Equation 2.5.

σAC (ω) = ωε0ε
′′ (ω) = σDC +Kωn (2.5)

Li et al. [45] aged Kapton R© (a commercial aromatic polyimide) at 400 ◦C,
425 ◦C, 450 ◦C, and 475 ◦C, and measured the real part of permittivity (ε′ (ω)) at
1 kHz. They showed that as the polyimide aged for up to 5 hours (the polyimide
failed after 3 hours at 465 ◦C), the real permittivity increased. The also measured
the dissipation factor (same expression as Equation 2.4) for the polyimide exposed
to 475 ◦C, and found that the dissipation factor increased for frequencies between 1
kHz and 2 MHz.

2.4 Chemical Analysis of Degraded Insulation

Dakin [46] proposed to model insulation deterioration as a chemical rate phe-
nomenon. He suggested that any physical property, P , of an insulation (e.g., tensile
strength) was proportional to the concentration, C, of a chemical constituent within
the insulation (i.e., P = f (C)). In general, the concentration follows a rate rela-
tionship according to:

Ċ = KCn (2.6)

where n is the order of the reaction. For a first-order reaction (i.e., n = 1), concen-
tration follows an exponential relationship of time and a reaction rate constant, K,
which in turn follows an Arrhenius relationship:

C (t) = C0 exp (−Kt)

K = A exp

(
−B
T

)
, (2.7)
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where A and B are constants and T is the absolute temperature. Dakin examined
experimental data from past experiments in which tensile strength as the property
under investigation, and plotted the values of tensile strength against aging time at
various elevated temperatures. He found that the tensile strength decreased when
insulation was exposed to elevated temperatures. The assumption of a first order
reaction only approximately fit the experimental data.

Petitgas et al. [47] studied the effect of high temperature exposure on copper
wire with polyester-imide, polyamide-imide, and polyimide enamels. They found
that as the temperature was raised from room temperature to 400 ◦C at a rate of
2 ◦C/minute in an N2 atmosphere, all insulation materials exhibited an increase in
electrical tan δ (at 1 kHz), indicating higher losses in the dielectric. They also found
that after exposure to a 400 ◦C air atmosphere, all the samples experienced decreased
tan δ (at an undisclosed frequency). During this timed exposure test, the polyester-
imide and polyester-imide/polyamide-imide experienced dielectric breakdown at 35
minutes and 105 minutes, respectively. In all cases except polyimide, and after 2
hours of aging at temperatures greater or equal to 300 ◦C, chemical changes were
detected using Fourier transform infrared (FT-IR) spectroscopy. An example of the
detected changes in polyester-imide is shown in Figure 2.6. The authors stated that
the emergence of the peak at 1605 cm−1 may be the result of the cleavage of some
ester functionalities with hydrogen (esters made from ethylene glycol, for example)
into carboxylic acid and ethylenic end-chains.

Figure 2.6: Evolution of FTIR spectrum of polyester-imide aged for 2 hours at
300 ◦C, 350 ◦C, 400 ◦C from Petitgas et al. [47].

18



2.5 Mechanical Analysis of Degraded Insulation

A set of studies were performed by Angadi et al. [10,11] to understand the effect
of Joule heating on the relative displacements of the solenoid valve electromagnetic
coil conductor and insulation. In the first study, a finite element analysis model
was used to understand the stresses placed on the coil insulation resulting from the
expansion of the conductor due to Joule heating. The model results predicted that
solenoid coils were subjected to multiple stresses originating with Joule heating of
the conductor and causing the insulation to be stressed by conductor expansion and
heating, and ultimately failing due to the expansion of the conductor. In the second
study, 22 automotive solenoid valves were subjected to accelerated stress conditions.
The valves were rated for 12 VDC, 61.2 Hz cycling frequency, and temperatures
ranging from -30 ◦C to 130 ◦C; the valves were tested at 16.8 VDC, 60 Hz cycling
frequency, and 100 ◦C. After 24 hours of testing, 11 of the 22 valves had failed.
The failed valves were analyzed revealing that the insulation between wires failed,
allowing the formation of turn-to-turn shorts. One of the failed valves is shown in
Figure 2.7.

Figure 2.7: Example of a failed automotive SOV from Angadi et al. [11].

Petitgas et al. [47] measured the mechanical tan δ of polyester-imide enamel
while increasing the temperature at a heating rate of 3 ◦C/minute under air atmo-
sphere, with a frequency of 1 Hz, amplitude oscillation 15 µm, and static force of
0.08 Newton. The results showed that as temperature rose from 50 ◦C to ≈215 ◦C,
the mechanical tan δ increased to a maximum, but decreased from ≈215 ◦C to
≈250 ◦C. After one run, a second run was performed in which the maximum value
of mechanical tan δ was shifted to ≈225 ◦C. The authors concluded that a postcure
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effect occurred during the first ramp, causing an increase in the network density of
the material. However, this test only explored the change in mechanical tan δ dur-
ing a temperature ramp rather than an exposure test, which would reveal how the
insulation mechanical properties change as the insulation ages, perhaps providing
insight into a failure mechanism.

2.6 Detection of Insulation Faults

It would be incomplete to neglect the mention of the research into methods of
detecting insulation faults (e.g., turn-to-turn shorts). Chow et al. [48,49] proposed a
method of detecting turn-to-turn insulation faults (that is, a short formed between
two adjacent turns of an electromagnetic coil) using a neural network with input
torque and angular speed measurements. Rahimpour et al. [50] and Narayana et
al. [51] used frequency responses to diagnose mechanical damage in transformer coils.
Blanquez et al. [52] used frequency response analysis to detect inter-turn faults (e.g.,
turn-to-turn shorts) in electric motors. Rahmatian et al. [53] used data analysis
and machine learning techniques to detect faults in transformer windings during
impulse tests. Heindl et al. used frequency responses of transformers to construct a
transfer function of the coil [54], and then to construct an equivalent circuit model
(ECM) [55], which the authors claimed could be used for fault detection in the
coil, though they did not confirm this claim. While these studies deal with fault
detection in electromagnetic coils, a method for detecting the degradation of the
insulation, which is more desirable since this allows the replacement of the insulation
prior to the formation of a harmful turn-to-turn short, was not addressed. Hence,
while valuable and similar to the present research, these studies do not add to the
foundation established for the research addressed herein.

2.7 Research Gaps

The literature review revealed that most of the available methods for health
monitoring of electromagnetic coils are not suitable to detect insulation degradation
in systems that use enclosed coils. These coils are inaccessible for traditional insu-
lation tests, which rely on direct contact with the insulation. Further, when used
as part of a safety instrumented function (SIF), solenoid valves can remain inactive
for long periods of time, either powered on or powered off, depending upon the
SIF design. These valves are part of a larger process, which implies that performing
functional testing (i.e., powering on/off) can disturb the overall process, and for sen-
sitive processes, this disturbance is generally unwanted. Further, the methods that
are developed, such as partial discharge testing, are not useful for low-voltage coil
applications, which do not experience electrical discharge events. Hence, impedance
measurements could be a useful means to assess the state of insulation health.

Second, there are no experimental analyses concerning the evolution of coil
impedance spectrum over the lifetime of electromagnetic coils, showing how the
impedance spectrum changes as the insulation transitions from healthy to failed.
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Disagreement exists in how the electromagnetic coil capacitance changes when sub-
jected to thermal stress. For example, Lee et al. [40] and Younsi et al. [41] found that
insulation capacitance decreased as the insulation aged, while Werynski et al. [36]
and Savin et al. [42, 43] found that insulation capacitance increased when the in-
sulation was exposed to elevated temperatures. In order to apply impedance-based
health monitoring, the relationship between degradation and measured electrical
parameters must be established. Further, to help quantify the degradation and cor-
relate degradation with electrical parameters, it is necessary to relate changes in
electrical impedance parameters to changes in mechanical and chemical properties.

2.8 Research Objectives

Based upon the identified research gaps, the objectives of this research are as
follows. First, it is necessary to develop and demonstrate the capability to use the
impedance spectrum to monitor the health of electromagnetic coil insulation over
the lifetime of a coil. This method of using impedance as a health indicator is advan-
tageous because a low-voltage signal can be used, which minimizes disturbances to
the system, and the insulation in enclosed coils can be assessed without the need for
direct contact with the insulation. In Section 1.2, a preliminary experiment showed
that impedance measurements correlated with insulation aging, and that these cor-
relations were dependent upon the frequency at which impedance was measured.
Hence, it is clear that impedance can be used to assess insulation health, but it nec-
essary to further quantify the specifications on the frequencies to monitor, and to
establish the underlying physical changes that prompted the changes in impedance
and health. Therefore, a second research objective is to relate the changes in the
impedance spectra to changes in the electrical, mechanical, and chemical properties
of the insulation. Changes in these properties can be used to provide explanations
for the overall evolution of coil impedance, thus relating the physical state of the
insulation to the impedance health indicator.
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Chapter 3: Insulation Electrical Parameter Sensitivity Analysis

An equivalent circuit model (ECM) is designed to reproduce the electrical
behavior of a system, while providing a mathematical model that can be used for
analysis [56, 57]. A lumped-parameter ECM of an electromagnetic coil allows for a
mathematical and physics-based treatment of the frequency-dependent impedance
response. In this chapter, an ECM is used to model a single electromagnetic coil,
and then the insulation parameters are used in a sensitivity analysis to understand
the effect that changes in these insulation parameters have on the coil impedance
spectrum. Then an experiment is presented in which the electrical parameters of the
electromagnetic coil insulation are measured in conjunction with the coil impedance,
allowing for a comparison to be performed between the expected theoretical changes
and the experimental changes.

3.1 Lumped Parameter Equivalent Circuit Model Derivation

Consider the equivalent circuit model for an electrical coil shown in Figure 3.1.
This model incorporates bulk parameters for the coil resistance and inductance, as
well as the total coil insulation capacitance and insulation resistance. The insulation
is modeled as a capacitance, C, in parallel with a resistance, Ri, while the coil
inductance is modeled as an inductor, L, and the total coil DC resistance is modeled
as a resistor, Rc. A variant of this ECM that did not include the insulation resistance
variable was applied by Kryter [2, 3] to model solenoid valve electromagnetic coils
(see Figure 2.2), inductors [30–32], and lossy coils [58, 59] (in modeling lossy coils,
the insulation capacitance was neglected along with the insulation resistance). The
justification for using this ECM rather than that shown in Figure 2.2 or the complex
ECM used by Perisse et al. shown in Figure 2.4 is two-fold. First, it was important
to account for the different electrical behavior characteristics of the electromagnetic
coil, and in the proposed model (Figure 3.1), the inductance and resistance of the
coil are accounted for, in addition to the capacitance and resistance of the insulation.
Second, in contrast with Perisse’s ECM, the proposed ECM is simple enough to be
examined analytically using sensitivity analysis.

The parameters in the ECM shown in Figure 3.1 are the unit length values
integrated over the entire coil. For example, Rc can be computed using the well-
know formula: Rc = ρLc/Ac, where ρ is the resistivity of the conductor material,
Lc is the total length of the conductor, and Ac is the cross-sectional area of the
conductor. While a more challenging computation, the capacitance and resistance
of the insulation can be effectively computed using the total contact surface area,
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Figure 3.1: Equivalent circuit model of a single electromagnetic coil with lumped
parameters

the separation distance, and the dielectric properties of the insulation material.
While some researchers have attempted to compute the exact value of the insulation
capacitance in an electromagnetic coil [30–32], these computations are beyond the
scope of this research. The impedance for this model is given by Eq. 3.1, where
j =

√
−1. As with all ECMs, this model is approximate, but it is correct in the

limit of DC excitation: limRi→∞,ω→0 = Rc.:

Z (ω) =

[
1

jωL+Rc

+ jωC +
1

Ri

]−1
=

RcRi + jωLRi

Rc +Ri + jω (L+RcRiC)− ω2RiCL
(3.1)

Separating the real and imaginary parts, the resistance and reactance are:

Re {Z (ω)} = R (ω) =
R2
cRi +RcR

2
i + ω2L2Ri

ω2L2 + 2RcRi +R2
i (ω2LC − 1)2 +R2

c (ω2CRi + 1)
(3.2)

Im {Z (ω)} = X (ω) =
ωR2

i [L− C (R2
c + ω2L2)]

ω2L2 + 2RcRi +R2
i (ω2LC − 1)2 +R2

c (ω2CRi + 1)
(3.3)

Since the resonant frequency defined as ωr
def
= {ω : X (ω) = 0, ω > 0}, the res-

onant frequency of the ECM is:

ωR2
i

[
L− C

(
R2
c + ω2L2

)]
= 0

=⇒ ωr =

√
L−R2

cC

L2C
=

√
L/C −R2

c

L2
(3.4)

The analysis of the effect of capacitance performed by Perisse et al. [33, 34] does
appear to be supported, as an increasing value of capacitance will lead to a lower
value of the resonant frequency. However, according to this model, the value of the
insulation resistance plays no role in the location of the resonant frequency, implying
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that resonant frequency in an incomplete health indicator. The insulation resistance
does, however, play a role in the magnitude of impedance at the resonant frequency,
and according to the experiments performed by Younsi et al. [41], insulation resis-
tance is clearly a health indicator for the magnet wire insulation. Letting ω = ωr,
the value of resonant impedance is:

R (ω = ωr) =
LRi

L+ CRcRi
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Figure 3.2: ECM resistance (above) and reactance (below) spectra for differing
values of insulation capacitance, simulated using 3.2 and 3.3 with L = 0.01 H,
Rc = 20 Ω, and Ri = 1 MΩ.
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Figure 3.3: ECM resistance (above) and reactance (below) spectra for differing
values of insulation capacitance, simulated using Equations 3.2 and 3.3 with L =
0.01 H, Rc = 20 Ω, and C = 0.1 nF.

3.2 Model Sensitivity Analysis

Parameter selection is key to effective health monitoring. An important tool
in parameter selection is sensitivity analysis, which is used to determine how input
variables affect output behavior [60]. The most widely used approach to sensitivity
analysis is known as the local approach, where small perturbations around nominal
values of the parameters are examined. This consists of calculating or estimating the
partial derivatives of the model. For example, given a model Y = f (X), where X =
{Xi}ni=1 represents the model input variables, the local sensitivity index measuring
the effect on Y of perturbing Xj is given in 3.5.

Sj =
∂Y

∂Xj

(3.5)

Typically, this analysis is performed in a one-at-a-time (OAT) manner [61,62]. This
means that inference about the behavior of Y is made by changing one factor, Xj,
at a time and investigating the corresponding change in Y .

Since insulation degradation is expected to change the values of insulation
capacitance and insulation resistance as a function of the loading conditions [16], we
first examine the partial derivatives of resistance and reactance, taken with respect to
insulation capacitance and insulation resistance. The partial derivatives resistance
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and reactance with respect to insulation capacitance are given in Equations 3.6 and
3.7.

∂R

∂C
=− 2ω2R3

i (ω2L2 +RcRi +R2
c) (C (ω2L2 +R2

c)− L)(
ω2L2 + 2RcRi +R2

i (ω2LC − 1)2 +R2
c (ω2R2

iC
2 + 1)

)2 (3.6)

∂X

∂C
=

2ω3R4
i (C (ω2L2 +R2

c)− L)
2(

ω2L2 + 2RcRi +R2
i (ω2LC − 1)2 +R2

c (ω2R2
iC

2 + 1)
)2

− ωR2
i (ω2L2 +R2

c)

ω2L2 + 2RcRi +R2
i (ω2LC − 1)2 +R2

c (ω2R2
iC

2 + 1)
(3.7)

These computed sensitivity coefficients are shown as a function of frequency in
Figure 3.4. For each plot in Figure 3.4, the inductance and coil resistance were held
constant at L = 0.01 H and Rc = 20 Ω. In Figure 3.4(a) and 3.4(b), the value of the
partial derivative of R (ω) with respect to insulation capacitance, C, is shown over
a range of frequencies. In Figure 3.4(c) and Figure 3.4(d), the partial derivative of
X (ω) with respect to C is shown over a range of frequencies.

Figure 3.4(a) shows ∂R/∂C at three values of insulation capacitance (0.01 nF,
0.1 nF, and 1 nF) while holding insulation resistance constant at Ri = 1 MΩ. Figure
3.4(b) shows ∂R/∂C at three values of insulation resistance (0.1 MΩ, 1 MΩ, and
10 MΩ) while holding insulation capacitance constant at C = 0.1 nF. The resonant
frequency is the frequency where ∂R/∂C crosses 0, and where ∂X/∂C is at its mini-
mum value. At frequencies below resonance, ∂R/∂C is positive, while at frequencies
above resonance, ∂R/∂C is negative. This implies that at frequencies below reso-
nance, resistance, R (ω), changes in the same direction as insulation capacitance, C.
At frequencies above resonance, however, R (ω) changes in the opposite direction on
insulation capacitance. The maximum and minimum of ∂R/∂C (i.e., the frequencies
at which R (ω) is most sensitive to changes in C in positive and negative directions,
respectively) are within ±2% of the resonant frequency.
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Figure 3.4: Sensitivity coefficients for resistance and reactance with respect to in-
sulation capacitance, having L = 0.01 H and Rc = 20 Ω. (a) and (b) show the
sensitivity coefficient for resistance to insulation capacitance over the frequency
spectrum for different values of insulation capacitance and insulation resistance. (c)
and (d) show the sensitivity coefficient for reactance to insulation capacitance for
different values of insulation capacitance and insulation resistance.

Figure 3.4(c) shows ∂X/∂C at three values of insulation capacitance (0.01
nF, 0.1 nF, and 1 nF) while holding insulation resistance constant at Ri = 1 MΩ.
Figure 3.4(d) shows ∂X/∂C at three values of insulation resistance (0.1 MΩ, 1
MΩ, and 10 MΩ) while holding insulation capacitance constant at C = 0.1 nF.
At most frequencies above and below resonance, ∂X/∂C is positive, implying that
at these frequencies, reactance, X (ω), changes in the same direction as insulation
capacitance. At a small range of frequencies around resonance, X (ω) changes in
the opposite direction as insulation capacitance. At resonance, the value of ∂X/∂C
is expressed as:
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∂X

∂C

∣∣∣∣
ω=ωr

= − L2R2
i

(L+RcRiC)2

√
L/C −R2

c

L2
(3.8)

Hence, the derivative of reactance with respect to insulation capacitance, when
evaluated at resonant frequency, is negative and inversely related to the value of
insulation resistance (i.e., as insulation resistance increases, ∂X

∂C

∣∣
ω=ωr

becomes more

negative, eventually converging, limRi→∞
∂X
∂C

∣∣
ω=ωr

= −L2/(RcC)2), but directly

related to the value of insulation capacitance (i.e., as insulation capacitance in-
creases, ∂X

∂C

∣∣
ω=ωr

becomes less negative such that limC→∞
∂X
∂C

∣∣
ω=ωr

= 0). The value

of ∂X
∂C

∣∣
ω=ωr

for the values of C and Ri used in Figure 3.4 is provided in Table 3.1.

Table 3.1: Values of ∂X
∂C

∣∣
ω=ωr

measured in (Ω/nF) for various values of insulation
capacitance and insulation resistance.

Insulation capacitance

0.01 nF 0.1 nF 1 nF

Insulation
resistance

0.1 MΩ −3.15 (107) −9.61 (106) −2.20 (106)

1 MΩ −3.04 (109) −6.94 (108) −3.51 (107)

10 MΩ −2.20 (1011) −1.11 (1010) −7.17 (107)

The plots in Figure 3.4 provide insight into how the sensitivities of resistance
and reactance to changes in insulation capacitance are affected by changes in the in-
sulation parameters. As the value of insulation capacitance decreases, the sensitivity
of resistance and reactance to further changes in insulation capacitance decreases.
However, decreasing the value of insulation resistance causes ∂R/∂C to increase at
most frequencies, except at a small range of frequencies around, but not equal to, res-
onance. For reactance, decreasing the value of insulation resistance causes ∂X/∂C
tp decrease at all frequencies, but the decrease is most pronounced at frequencies
just below and above resonance.

Next, the sensitivity of the ECM to the insulation resistance parameter, Ri, is
examined. The sensitivity coefficients are the frequency-dependent partial deriva-
tives of resistance, R (ω), and reactance, X (ω), with respect to insulation resistance,
Ri. The partial derivatives of resistance and reactance with respect to insulation
resistance are given in Equations 3.9 and 3.10.
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∂R

∂Ri

=−
2Ri (ω

2L2 +RcRi +R2
c)
(
ω2R2

cRiC
2 +Rc +Ri (ω

2LC − 1)
2
)

(
ω2L2 + 2RcRi +R2

i (ω2LC − 1)2 +R2
c (ω2R2

iC
2 + 1)

)2
+

ω2L2 +RcRi +R2
c

ω2L2 + 2RcRi +R2
i (ω2LC − 1)2 +R2

c (ω2R2
iC

2 + 1)
(3.9)

∂X

∂Ri

=
2ωRi (ω

2L2 +RcRi +R2
c) (L− C (ω2L2 +R2

c))(
ω2L2 + 2RcRi +R2

i (ω2LC − 1)2 +R2
c (ω2R2

iC
2 + 1)

)2 (3.10)
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Figure 3.5: Sensitivity coefficients for resistance and reactance with respect to insu-
lation resistance, having L = 0.01 H and Rc = 20 Ω. (a) and (b) show the sensitivity
coefficient for resistance to insulation resistance over the frequency spectrum for dif-
ferent values of insulation capacitance and insulation resistance. (c) and (d) show
the sensitivity coefficient for reactance to insulation resistance for different values
of insulation capacitance and insulation resistance.
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These computed sensitivity coefficients are plotted in Figure 3.5. Figure 3.5(a)
shows ∂R/∂Ri for three values of insulation capacitance (0.01 nF, 0.1 nF, and 1 nF)
while holding insulation resistance constant at Ri = 1 MΩ. Figure 3.5(b) shows
∂R/∂Ri for three values of insulation resistance (0.1 MΩ, 1 MΩ, and 10 MΩ) while
holding insulation capacitance constant at C = 0.1 nF. Figure 3.5(c) shows ∂X/∂Ri

for three values of insulation capacitance while holding insulation resistance constant
at Ri = 1 MΩ. Figure 3.5(d) shows ∂X/∂Ri at three values of insulation resistance
while holding insulation capacitance constant at C = 0.1 nF.

The ∂R/∂Ri curves shown in Figure 3.5 show that at most frequencies above
and below resonance, the sensitivity coefficient is negative, implying that for most
frequencies in the spectrum, R (ω) will increase if Ri decreases, and vice versa.
However, for a small range of frequencies around and including resonance, ∂R/∂Ri

is positive, implying that at these frequencies, R (ω) will decrease if Ri decreases
and vice versa. This is confirmed in Figure 3.3, where increasing values of Ri caused
R (ω) to decrease, except around resonance where increasing Ri caused increased
R (ω). The value of ∂R/∂Ri at resonance is given by Equation 3.11.

∂R

∂Ri

∣∣∣∣
ω=ωr

=
L2

(L+RcRiC)2
(3.11)

In this case, the value of ∂R/∂Ri at resonant frequency is inversely related to both

insulation resistance and insulation capacitance. The value of ∂R
∂Ri

∣∣∣
ω=ωr

for the values

of C and Ri used in Figure 3.5 is provided in Table 3.2.

Table 3.2: Values of ∂R
∂Ri

∣∣∣
ω=ωr

measured in (Ω/MΩ) for various values of insulation

capacitance and insulation resistance.

Insulation capacitance

0.01 nF 0.1 nF 1 nF

Insulation
resistance

0.1 MΩ 9.96 (105) 9.61 (105) 6.94 (105)

1 MΩ 9.61 (105) 6.94 (105) 1.11 (105)

10 MΩ 6.94 (105) 1.11 (105) 2.27 (103)

Figure 3.5(c) and Figure 3.5(d) show that the sensitivity coefficient of reac-
tance with respect to insulation resistance is positive at frequencies below resonance
and negative at frequencies above resonance, but at resonance, the value of the sen-
sitivity coefficient is zero. Hence, at frequencies below resonance, X (ω) will change
in the same direction as Ri, but at frequencies above resonance, X (ω) will change
in the opposite direction as Ri.

The plots in Figure 3.5 indicate that the sensitivities of resistance and reac-
tance change as the values of insulation resistance and insulation capacitance change.
As the value of insulation resistance increases, the sensitivity coefficients decrease.
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Similarly, as the value of insulation capacitance increases, the sensitivity coefficients
decrease.

Previous studies proposed that resonant frequency be used as a health indi-
cator. Earlier in this chapter, it was shown that according to the developed ECM,
changes in insulation resistance are not reflected in resonant frequency measure-
ments (see Equation 3.4). However, even as a health indicator that reflects changes
in insulation capacitance, resonant frequency sensitivity coefficients are often lower
in magnitude than those of impedance measurements around resonance. To show
this, consider the sensitivity coefficient for the resonant frequency with respect to
insulation capacitance in Equation 3.12.

∂ωr
∂C

= −1

2

√
1

C3 (L− CR2
c)

(3.12)

The resonant frequency sensitivity coefficient, ∂ωr/∂C, is plotted against insulation
capacitance in Figure 3.5, which should be compared to the plots of ∂R/∂C and
∂X/∂C in Figure 3.4. At every frequency shown, the maximum sensitivity coeffi-
cients for resistance and reactance are between one and four hundred times larger
than ∂ωr/∂C. this implies that the resistance and reactance measurements at these
frequencies are generally more sensitive to changes in the insulation capacitance
than measurements of resonant frequency.

10-11 10-10 10-9

Insulation capacitance (nF)

-109

-108

-107

-106

-105

Figure 3.6: Sensitivity coefficient of resonant frequency to insulation capacitance
simulated using 3.12 with L = 0.01 H and Rc = 20 Ω.

Based on Figures 3.4, 3.5, and 3.6, the regions to look for insulation health
information in the frequency spectrum of an electromagnetic coil are slightly below
and above resonance. In the simulations shown in this paper, the maximum and
minimum of the sensitivity curves are within ±2% of the resonant frequency. How-
ever, the maximum and minimum of each curve move relative to the resonance based
upon the value of the model parameters (i.e., for a higher insulation capacitance,
the resonant frequency decreases and the range enclosed by the maximum and min-
imum of the sensitivity curve increases). At frequencies around, but not exactly
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equal to, resonance, resistance and reactance show the greatest sensitivity with re-
spect to insulation resistance and capacitance. This sensitivity analysis shows that
measurement of a strategically chosen range of frequencies is more responsive to
changes in the insulation parameters than monitoring only the resonant frequency,
demonstrating both the effectiveness of impedance measurements for health moni-
toring purposes and the necessity of monitoring the impedance at carefully selected
frequencies. This is advantageous since measurement of electromagnetic coil res-
onant frequency requires high resolution in the measurement frequencies, whereas
measurements at a range of frequencies around resonance can provide more sensitive
information but do not require the same resolution of frequencies. A summary of
the analysis results is presented in Table 3.3.

Table 3.3: Summary of sensitivity analysis

Parameter Below resonance At resonance Above resonance

Resistance,
R (ω)

Positive
LRi

L + RcRiC
Positive

Reactance,
X (ω)

Positive 0 (by definition) Negative

∂R/∂C Positive (maximum
slightly below
resonance)

0 Negative (minimum
slightly above
resonance)

∂R/∂Ri Negative (minimum
slightly below
resonance)

L2

(L + RcRiC)
2 Negative (minimum

slightly above
resonance)

∂X/∂C Positive (maximum
slightly below
resonance)

− L2R2
i

(L + RcRiC)
2

√
L/C −R2

c

L2
Positive (maximum
slightly above
resonance)

∂X/∂Ri Positive (maximum
slightly below
resonance)

0 Negative (minimum
slightly above
resonance)

3.3 Preliminary Experiment Revisited

In the Section 1.2, an experiment was introduced in which a generic solenoid-
operated valve was aged in a 80 ◦C/50 %RH environment. With the sensitivity anal-
ysis in mind, this data can be further analyzed. First, the equivalent circuit model
from Figure 3.1 is fit to the healthy data to predict where in the impedance spec-
trum we should expect to see the greatest sensitivities to changes in the insulation
electrical parameters. With a nonlinear least-squares algorithm, a transfer function
model was fit to the resistance and reactance data, yielding electrical parameters,
L = 5.75 mH, Rc = 10.36 Ω, C = 70.41 pF, and Ri = 22.99 kΩ (this value of
insulation resistance attempts to capture all parallel electrical paths through the in-
sulation integrated over the entire coil, including all layer-to-layer and turn-to-turn
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interactions over about 34 layers with about 62 turns per layer). The theoretical
sensitivity coefficients for resistance and reactance are shown in Figure 3.7.
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Figure 3.7: Computed sensitivity coefficients for the generic SOV used in the pre-
liminary experiment (see Section 1.2). The sensitivity coefficients were computed
using the parameter values fit to the ECM in FIgure 3.1 using a nonlinear least
squares algorithm.

Once again, the Spearman correlation spectrum can be computed for the
degradation data. However, to understand the amount of change that each time
series underwent, a linear model was fit to each time series and the slope of the line
is used to modify the size of each data point in the Spearman correlation spectrum.
Hence, as indicated in Figure 3.8, the size of each data point is proportional to
the absolute value of the slope of a linear model fit to the corresponding time se-
ries. The Spearman correlation spectra in Figure 3.8 confirms the ECM sensitivity
analysis in that time series at frequencies around resonance have the highest linear
slopes, indicating that they changed to a greater degree than the time series at other
frequencies. Previous studies on the degradation of polyethylene (identified as the
insulation material in the SOV electromagnetic coil) [63–65] showed that when sub-
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Figure 3.8: Spearman correlation coefficient spectrum for 80 ◦C/50 %RH aging (us-
ing data prior to formation of coil short). The movement of the resonant frequency
is not shown since the resonant frequency only decreased by about 2.5% prior to
insulation failure. The size of each data point marker is directly related to the slope
of the linear fit of the time series at that particular frequency.

jected to thermal and/or oxidative degradation, the relative permittivity (directly
related to the capacitance) increased, while the resistance of the polyethylene de-
creased. The observation that the solenoid valve coil resonant frequency decreased
prior to the formation of a short supports the finding that capacitance increased
over the aging period.

According to the ECM analysis, and assuming the results of the previous ex-
periments on polyethylene are applicable, resistance should increase at frequencies
below resonance, while at frequencies above resonance, the changes in capacitance
and insulation resistance are expected to drive resistance in opposite directions (in-
creasing capacitance should cause the resistance to decrease, while decreasing insu-
lation resistance should cause resistance to increase). The influence of increasing
insulation capacitance and decreasing insulation resistance are compounded at fre-
quencies just above and below resonance and at resonance.

The converse is true for reactance: at frequencies below resonance, the changes
in insulation capacitance and insulation resistance are expected to drive the reac-
tance in opposite directions (increasing capacitance should cause the reactance to
increase, while decreasing insulation resistance should cause reactance to decrease),
while at frequencies above resonance, reactance should increase. The experimental
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results show reactance is negatively correlated with the aging time at frequencies
around resonance (between 204.7 kHz and 289.1 kHz). This frequency range is wider
than predicted in the ECM analysis shown in Figure 3.7, although decreasing insu-
lation resistance could contribute to the decreasing reactance at frequencies below
resonance. As expected from the ECM sensitivity analysis, the highest slopes occur
at the frequencies around, but not exactly equal to, resonance.

For the theoretical SOV ECM sensitivity analysis shown in Figure 3.7, the
sensitivity to changes in insulation capacitance are approximately equal to the sen-
sitivity to changes in insulation resistance. Experimentally, changes in capacitance
generally appear to dominate at frequencies farther away from resonant frequency,
as the Spearman correlation spectra for resistance and reactance match well with
predictions shown in Figure 3.7, given increasing insulation capacitance. However,
around resonance, the influence of decreasing insulation resistance can be seen. The
resistance data show large negative slopes around resonance, where it is highly sen-
sitive to changes in insulation resistance. Reactance data begins to decrease at
frequencies lower than predicted from the ∂X/∂C curve shown in Figure 3.7, likely
due to decreasing insulation resistance.

As mentioned in Section 1.2, the valve coil showed a 2.5% decrease in resonant
frequency prior to the formation of a short, while at 276.1 kHz, reactance decreased
by over 25%, and at 240.4 kHz, resistance increased by over 14% during the same
time period. This highlights the advantages of the method developed herein over
the method developed in [34]. Given that the electrical parameters of the insulation
change during degradation, examining frequencies around resonance, rather than
at resonant frequency, yields more sensitive health indicators and is experimentally
more practical.

3.4 Double Wound Coil Experiment

A more comprehensive experiment and analysis is presented in this section.
This experiment and the experimental objects are referenced throughout the remain-
der of the paper in examining the electrical, mechanical, and chemical characteristics
of degraded insulation.

3.4.1 Experimental Setup

Four dual-wound electromagnetic coils were manufactured by Magnecomp,
Inc., a coil manufacturing company located in South Carolina, USA. The dual-
wound coils were constructed by winding two piece of magnet wire around the same
bobbin, leaving the insulation as the dielectric between the two coils (see Figure
3.9(a)). The parallel magnet wires were wound on a rectangular Pyroglass bobbin.
An example of this winding arrangement (though not a replica of the arrangement
of the experimental coils) is illustrated in Figure 3.9(b), where the base numbers
indicate the turn number and the superscript numbers indicate the two parallel
windings of magnet wire. Each winding had 220 turns of AWG 26 (conductor
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diameter of 361±3 µm) with heavy Allex R© polyimide (an aromatic polyimide rated
for 240 ◦C [66]) insulation (thickness of 25.25± 3.75 µm). Each winding had a DC
resistance of about 1.9 Ω at 25 ◦C.

(a) Received unit (b) Winding arrangement
schematic

Figure 3.9: Magnecomp dual-wound coil construction.

To age the insulation in a manner that would likely occur in fielded applica-
tion conditions, one of the parallel windings was powered to produce an average
internal temperature of 200 ◦C. The average internal coil temperature was deter-
mined using the temperature-resistance relationship as shown in Equation 3.13,
where α = 0.0039/◦C is the temperature coefficient of resistance for copper, and R0

is the reference resistance at temperature, T0. The final average temperature of the
coil is given by T (RT ) and the final resistance is given by RT . The required voltage
was between 6.7 and 7.1 V, and after transients settled, the current was between
1.95 and 2.05 A.

T (RT ) =
1

α

(
RT

R0

+ αT0 − 1

)
(3.13)

Each time the coils were removed from power, three measurements were per-
formed. First, the terminal impedance of the windings was measured using an
Agilent E4980A LCR meter at 501 distinct frequencies over the frequency range
f ∈ [20, 2 (106)] Hz with a 500 mV RMS (root mean square) signal. Second, the
impedance of the insulation was measured using an Agilent E4980A LCR meter at
201 distinct frequencies in the frequency range f ∈ [20, 2 (106)] Hz with a 1 V RMS
signal. This measurement was performed by shorting the terminals of each winding
as illustrated in Figure 3.10, which allowed the electric field to be directed through
the insulation only. In this illustration, the terminals of each winding are connected,
and a voltage is applied across the insulation separating the windings. Third, the
response of the insulation to a step application of 100 VDC was measured, allowing
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for measurement of DC resistance characteristics of the insulation. This measure-
ment was performed with the coil windings in the same setup as for the insulation
impedance (Figure 3.10). For this measurement, 100 VDC was placed across the
insulation and held for 20 minutes, while the current was sampled once per second.

Figure 3.10: Setup for measurement of dual-wound coil insulation electrical param-
eters (i.e., insulation impedance and insulation resistance).

3.4.2 Experimental Results

The insulation impedance was measured at 201 distinct frequencies, equally
spaced on the base-10 logarithmic scale. Insulation impedance measurements were
first split into real and imaginary parts. The results for one coil (referenced as
“Coil 1” for the remainder of this report) over an entire aging experiment is shown
in Figure 3.11. Both resistance (Re {Z (ω)}) and reactance (Im {Z (ω)}) increased
over the course of aging.

37



100

101

102

103

104

105

106

R
es

is
an

ce
 (

)

101 102 103 104 105 106

Frequency (Hz)

-107

-106

-105

-104

-103

-102

-101

R
ea

ct
an

ce
 (

)

time increasing

time increasing

Figure 3.11: Insulation impedance of “Coil 1” as the dual-wound coil was aged at
an average internal temperature of 200 ◦C

Insulation capacitance can be computed from reactance by fitting a model to
the reactance and removing the inductive portion of reactance. Recall that reac-
tance is expressed as a function of frequency in rad/s as X (ω) = ωL− (ωC)−1, or
equivalently as a function of frequency in Hz as X (f) = 2πfL− (2πfC)−1. Hence,
by fitting a model of the form X̂ (f) = af − bf−1, where a = 2πL and b = (2πC)−1

are weighting coefficients, the insulation reactance measurements can be evaluated
for the amount of inductive reactance and capacitive reactance comprising the mea-
surements. The result of fitting for the first Coil 1 insulation reactance measurement
is shown in Figure 3.12. This model is an excellent fit with a coefficient of determi-
nation value of R2 = 1.0. There is some slight divergence between the model and
the data at frequencies between about 1 MHz and 2 MHz.

In order to compute the insulation capacitance, the reactance measurements
can be adjusted using the model fit, i.e., XC = − (2πfC)−1 = X (f) − af . It is
assumed that the inductive portion of reactance will not change over the course of
aging, so the initial model fit is sufficient to be used to adjust all the insulation
reactance measurements. The adjusted capacitance spectra over the aging period
for Coil 1 are shown in Figure 3.13, and the capacitance at 100 kHz for all the coil
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Figure 3.12: Insulation reactance and model fit for the first insulation reactance
measurement of Coil 1. The fit model is X̂ (f) = 1.042 (10−7) f − 5.525 (107) f−1.
The model has a coefficient of determination value of R2 = 1.0.

samples, and their respective percent’s change, is shown in Figure 3.14.
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Figure 3.13: Insulation capacitance for Coil 1 as the coil thermo-
mechanically aged, calculated by converting reactance to capacitance, C =

1
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. The “time increasing” arrow is meant to denote the

direction of movement for the spectra as the insulation aged for over 4000 hours.
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Figure 3.14: Insulation capacitance measured at f = 100 kHz for all coil samples:
(a) Coil 1; (b) Coil 2; (c) Coil 3; (d) Coil 4. The percent change for each sample is
also noted in the figure.

The insulation resistance behaves according to the law first proposed by Jaques
Curie [67] and Egon Ritter von Schweidler [68], which is also stated in IEEE Stan-
dard 43 [69]. According to this law, sometimes called the “universal response”, when
a DC voltage is placed across a dielectric, the current will decrease according to a
power law. Assuming the current will reach a steady-state value, the current as a
function of charging time can be expressed as in Equation 3.14.

i (t) = at−b + c (3.14)

Here, i (t) is the current as a function of time, t, a is the short-time current, b is
the decay rate, and c is the steady-state current. In IEEE Standard 43, a is said to
be a function of the particular insulation system and the applied voltage, and b is
said to be a function of the particular insulation system. While IEEE 43 does not
specify the exact nature of the steady-state current, it is reasonable to say that c is
a combination of leakage and conduction currents and is a function of the particular
insulation system (which includes the insulation material) and the applied voltage.
This power law response is related to the Debye response, which claims the current
through a dielectric will decrease according to an exponential model, rather than a
power law. A power law can be considered as a weighted infinite sum of exponential
functions with infinitely many time constants, as shown in Equation 3.15:

t−n =
1

Γ (n)

∫ ∞
0

τ−n−1e−t/τdτ, (3.15)
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where Γ () is the Gamma function.
To find the initial values of these parameters for each coil, a voltage was placed

across the insulation in the coil for 13.8 hours, and the current was sampled once
every 5 seconds. Three such measurements for one coil are shown in Figure 3.15.
The raw current data are shown through 13.8 hours (or 49,680 seconds) and the
curve fits are extrapolated to show the steady-state behavior of the curves. The
models were fit using non-linear least squares, where instead of adjusting the curve
using according the squared residuals, a least absolute residual (LAR) scheme was
employed, which reduced the influence of outliers in the fitting algorithm.
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Figure 3.15: Three separate measurements of insulation current on a single coil (Coil
4). The insulation was subjected to 100 VDC for 13.8 hours and the current sampled
once every 5 seconds. There are curve fits for each measurement extrapolated to
show steady-state behavior.

The insulation current values over the lifetime of Coil 1 are shown in Figure
3.16. The current measurements were taken once per second for 20 minutes at a
voltage of 100 VDC. Initially, the insulation behaved according to the “universal
law,” but as it aged, the behavior began to resemble that of an Ohmic material, i.e.,
the current remained relatively constant after the application of voltage.
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Figure 3.16: Insulation current over the lifetime of Coil 1 when subjected to a step
voltage of 100 VDC for 20 minutes. The marker color indicates the aging time of
the coil.

In Figure 3.17, the average value of insulation resistance for the final 1.5 min-
utes of charging is shown over the entire aging process. As the insulation aged, the
value of the steady-state current changed. Initially, the resistance increased, but
as the coil continued to age, the insulation resistance decreased. While insulation
resistance changes gradually at the early stages of degradation, there is a point in
the insulation lifetime where the insulation resistance decreases rapidly, from which
the insulation resistance decreases until failure, which is defined in IEEE Standard
43 as insulation resistance less than 5 MΩ [69].
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Figure 3.17: Average end-of-charging resistance values for all dual-wound coil sam-
ples: (a) Coil 1; (b) Coil 2; (c) Coil 3; (d) Coil 4.

Finally, the impedance measurements of one winding of Coil 1 are shown in
Figure 3.18. As the coil aged, the resonant frequency decreased along with the mag-
nitude of impedance at resonance. Over the course of the experiment, impedance
measurements were performed for one winding for both Coil 1 and Coil 2, while
both windings were measured for Coil 3 and Coil 4.
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Figure 3.18: Impedance spectra of one winding in Coil 1. As the coil aged, the
resonant frequency decreased along with the impedance magnitude at resonance, as
indicated in the figure.

According the ECM proposed (see Figure 3.1), the resonant frequency is re-
lated to the insulation capacitance via Equation 3.4. This equation can re-arranged
to:

Lω2
r +

R2
c

L
=

1

C
(3.16)

Hence, the veracity of the hypothesized relationship between insulation ca-
pacitance and resonant frequency can be established by plotting the square of the
resonant frequency against the inverse of capacitance. In Figure 3.19, the inverse of
the insulation capacitance is plotted against the squared resonant frequency for four
coils. For two of the coils (Coil 1 and Coil 2), the impedance was measured for only
one winding; for the other two coils (Coil 3 and Coil 4), impedance was measured for
both windings (second and third row of plots). The bottom four plots show the data
from two coils, with the resonant frequency from each of the two distinct windings
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on the coil. The Pearson correlation coefficient is shown in the upper left corner
of each plot, quantifying the extent of the linear relationship between ω2

r and C−1.
The color of the data points indicates the aging time, proceeding from darker to
lighter. These plots demonstrate the hypothesized relationship given the ECM, and
moreover, provide a basis for estimating relative changes in insulation capacitance
given resonant frequency measurements.

Figure 3.19: Inverse of capacitance plotted against the square of the resonant fre-
quency. The Pearson correlation coefficient is shown in the upper left corner of
each subfigure, quantifying the linear relationship between inverse capacitance and
squared resonant frequency shown in Equation 3.16. The relationship is plotted for
Coil 1 (upper left), Coil 2 (upper right), Coil 3 (middle row), and Coil 4 (bottom
row). The color of the data points indicates the aging time, proceeding from darker
to lighter.

The data from the winding impedance can be evaluated using the Spearman
correlation spectrum, where the Spearman correlation coefficient is plotted against
frequency. The Spearman correlation spectrum can be enhanced by sizing each data
point according to the linear slope of the time series at a particular frequency, thus
providing an understanding of not only which frequencies are sensitive to changes
in the insulation electrical parameters, but also the degree of the aforementioned
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sensitivity. The data point size represents the slope of a best-fit line through the
time series.

From the Spearman correlation spectra shown in Figures 3.20 and 3.21, the
behavior of resistance and reactance over the given frequency range can be observed.
Below resonance, both resistance and reactance evolve in the same direction as in-
sulation capacitance and in the opposite direction as insulation resistance. Above
resonance, reactance evolves in the same direction as insulation capacitance and
in the opposite direction as insulation resistance, while resistance has differing be-
haviors above resonance: at some frequencies, resistance evolves in the same direc-
tion as insulation resistance and in the opposite direction as insulation capacitance,
while at higher frequencies, resistance evolves in the same direction as insulation
capacitance and in the opposite direction as insulation resistance. At resonance,
resistance changes from positive to negative correlation, while reactance shows neg-
ative correlation at a small range of frequencies around resonance. Importantly, the
frequencies where resistance and reactance are most sensitive to changes in insula-
tion parameters are those close to resonance. However, at frequencies below 10 kHz,
the Spearman correlation coefficient for resistance lies between 0.25 and 0.75, which
indicates that the strength of the positive monotonic trends is weak.

Consider the sensitivity analysis on the equivalent circuit model performed
earlier in this section (see Section 3.2). This analysis predicted that the reactance
would evolve in the same direction as insulation capacitance at all frequencies except
a small range around resonance, where reactance is expected to evolve in the op-
posite direction as insulation capacitance. On the other hand, the analysis showed
that at frequencies below resonance, reactance is expected to evolve in the same
direction as insulation resistance, while at frequencies above resonance, reactance is
expected to evolve in the opposite direction as insulation resistance. Given that in-
sulation capacitance increased while insulation resistance decreased, the Spearman
correlation spectra for reactance show that reactance is more sensitive to changes
in insulation capacitance than insulation resistance. Though between about 10 kHz
and 200 kHz, the Spearman correlation coefficient slightly decreases, which may
indicate the influence of the reduced insulation resistance.

The sensitivity analysis further showed that below resonance, resistance is ex-
pected to evolve in the same direction as insulation capacitance, and in the opposite
direction as insulation resistance. At frequencies above resonance, resistance is ex-
pected to evolve in the opposite direction of insulation capacitance and insulation
resistance. Hence, given insulation capacitance increased and insulation resistance
decreased, resistance is expected to generally increase at frequencies below reso-
nance. This is realized in the provided results, except between 20 Hz and about
10 kHz, where the Spearman correlation coefficient is weak, lying between 0.25 and
0.75.

Table 3.4 shows the maximum absolute percent change for the electrical pa-
rameters of coil impedance, and the frequencies (if applicable) at which these changes
occurred. The greatest values of linear slope for both resistance and reactance are
in the frequency region around resonance. Furthermore, the greatest magnitude
of percent change occurs in resistance at frequencies just below resonance, which
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Figure 3.20: Resistance Spearman correlation spectra of 6 windings from Mag-
necomp dual-wound coils. The size of each data point marker is directly related to
the slope of the linear fit of the time series at that particular frequency.

is where the prior sensitivity analysis predicted the greatest sensitivity to changes
in insulation capacitance and resistance. At these frequencies, the changes in in-
sulation resistance and insulation capacitance are compounded. The difference in
percent change values between the resistance and reactance measurements and res-
onant frequency reinforce the conclusion that resonant frequency is not the most
sensitive parameter to be measured. This is in agreement with the predicted be-
havior and provides a basis for improved insulation health monitoring using coil
impedance measurements.
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Figure 3.21: Reactance Spearman correlation spectra of 6 windings from Mag-
necomp dual-wound coils. The size of each data point marker is directly related
to the slope of the linear fit of the time series at that particular frequency.

Table 3.4: Parameter values and their respective percent’s change for the four dual-
wound coils. For resistance and reactance, the highest absolute values of percent
change are shown along with the frequency at which this value occurs. A positive
percent change implies a decreasing value, while a negative percent change implies
an increasing value.

Parameter Percent change Frequency

Capacitance 103.7, 96.8, 107.8, 85.7 20 Hz, 20 Hz, 20 Hz, 20 Hz

Insulation resistance 100, 100, 100, 100 –

Resonant frequency 9.45, 9.99, 11.75, 9.04 –

Resistance -403.8, -465.9, -556.2, -
386.0

957.3 kHz, 914.2 kHz, 914.2 kHz,
935.5 kHz

Reactance 185.6, 290.5, 207.4,
194.8

1.07 MHz, 1.05 MHz, 1.03 MHz,
1.05 MHz
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3.4.3 Temporal Correlation

A pertinent line of inquiry is into how the Spearman correlation coefficient
changes over time. The results of such an inquiry should reveal the amount of time
(as a percentage of the total lifetime of the coil) is necessary for the impedance
measurements to converge to the Spearman correlation spectrum as measured near
the end of insulation useful life (i.e., those in Figures 3.20 and 3.21). For a given
frequency, the cumulative Spearman correlation coefficient can be computed as:

ρ (t) = 1− 6

n1:t (n2
1:t − 1)

n1:t∑
i=1

d2i , (3.17)

where n1:t represents the number of measurements between the first data point and
the tth data point, and di = xi − yi is the difference between the ranks of the data
points included in the measurements from 1:t. The lowest value taken by t is t2 (i.e.,
correlation requires at least two data points).

As mentioned earlier in this chapter, for Coil 1 and Coil 2, the impedance
was measured for only one winding, while for Coil 3 and Coil 4, impedance was
measured for both windings. For Coil 3, the measurement of the second winding
was not started until about 370 hours into the experiment, which is the explanation
for the missing data at the lower times of Figure 3.22(d) and Figure 3.23(d).

In both the resistance and reactance measurements, the Spearman correlation
coefficients converge to the spectra shown in Figures 3.20 and 3.21 within the first
approximately 25% of the total aging time. This demonstrates that, if necessary,
the “best” features (i.e., the frequencies at which the impedance measurements show
a Spearman correlation coefficient close to ±1) emerge in a relatively short time,
if one wants to cumulatively measure the correlation coefficient. This implies that
one need not perform an entire lifetime experiment with a given coil design in order
to find the frequencies that are best to monitor. One simply needs to measure the
impedance until the Spearman correlation spectrum converges (plus some temporal
factor of safety to ensure convergence has been reached). Once convergence of the
Spearman correlation spectrum is reached, these results suggest that it is likely to
be very close to the final correlation spectrum.
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Figure 3.22: Temporal changes in Spearman correlation coefficient for the double-
wound coil resistance. The y-axis is the frequency, the x-axis is the aging time, and
the color shows the Spearman correlation coefficient. The relationship is plotted for
(a) Coil 1 (b) Coil 2; (c) first winding of Coil 3; (d) second winding of Coil 3; (e)
first winding from Coil 4; and (f) second winding from Coil 4.
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Figure 3.23: Temporal changes in Spearman correlation coefficient for the double-
wound coil reactance. The y-axis is the frequency, the x-axis is the aging time, and
the color shows the Spearman correlation coefficient. The relationship is plotted for
(a) Coil 1 (b) Coil 2; (c) first winding of Coil 3; (d) second winding of Coil 3; (e)
first winding from Coil 4; and (f) second winding from Coil 4.
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Chapter 4: Insulation Mechanical Property Analysis

The mechanical properties of the insulation can play an important role in
gaining insight into the root cause of the insulation failure. In associating the
changes in mechanical properties with the evolution of the impedance spectra, we
can gain understanding into the hidden physical process(es) evidenced by impedance
measurements. The previous chapter showed how the electrical parameters change
for an aromatic polyimide insulation material. In this chapter, the same dual-
wound coils are used to understand how the modulus of elasticity and hardness
of the material change during thermal aging. In Chapter 6, additional analysis is
provided on “loose” magnet wire (magnet wire not used in a coil) with the same
insulation material, showing the evolution of the modulus of elasticity and hardness
as it thermally aged.

4.1 Test Setup

The mechanical properties of the insulation were measured using nanoindenta-
tion. This is a method where, using load-displacement data and contact mechanics,
certain mechanical properties of the sample can be computed. Traditionally, in or-
der to measure the modulus of elasticity, upon unloading the tip from the material,
the slope of the load versus displacement curve is computed. In this work a contin-
uous stiffness module was used to measure the contact stiffness during the loading
process. The stiffness is related to the reduced modulus according to Equation 4.1.

S =
dP

dh
=

2

π
βEr
√
A (4.1)

In Equation 4.1, S is the stiffness of the contact, which can include contributions
from the sample under test and the testing device; β is a correction factor; Er is
the “reduced” modulus or “combined modulus of the system”, which combines the
modulus of the indenter and the specimen [70]; A is the projected area of indentation
at the contact depth, hc; P is the load; and h is the displacement. The projected
area is typically taken to be a function of the contact depth, often approximated by
a fitting polynomial. In this work, the projected area was computed as A = 24.56h2c
[70]. The contact depth is calculated as hc = hmax − εP/S, where hmax is the
maximum penetration depth of the tip, and ε is the tip geometric factor. These
concepts are illustrated in Figure 4.1.

The sample modulus of elasticity is computed according to Equation 4.2. Here,
the subscript i indicates a property of the indenter tip, the subscript s indicates a
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(a) Nanoindenter displacement into material (b) Nanoindenter load vs. displacement

Figure 4.1: Nanoindentation terminology (illustrations taken from [71]).

property of the specimen, and ν is Poisson’s ratio.

1

Er
=

1− ν2i
Ei

+
1− ν2s
Es

(4.2)

Hardness, H, is generally taken as the mean contact pressure at a condition of a
fully developed plastic zone [70]. It is calculated according to Equation 4.3.

H =
Pmax

A
(4.3)

For the present work, modulus of elasticity and hardness were measured using
nanoindentation with a Berkovich tip, which is shown in Figure 4.2. Poisson’s ratio
for the sample was taken as νs = 0.3, the geometric factor for a Berkovich tip is
ε = 1.034, and the correction factor is β = 1.8326.

Figure 4.2: Berkovich nanoindenter tip.

There are dynamic methods for measuring the mechanical properties of a sam-
ple using nanoindentation that allow for the measurement of properties as a function
of penetration depth, referred to as continuous stiffness measurement (CSM). In this
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case, an oscillatory force is superimposed onto the conventional load-displacement
response. Considering a single oscillatory force applied with a frequency, ω, and
amplitude, P0:

P (t) = P0e
jωt (4.4)

The resulting displacement, h, will have the same frequency of oscillation but a
phase difference, φ, will be introduced.

h (t) = h0e
j(ωt+φ) (4.5)

There are several dynamic models models that can be employed to separate
the dynamics of the instrument and tip-sample interactions. For more information
about these models see [70] (Chapter 7). The maximum depth varied across samples
from hmax = 1500 nm to hmax = 5000 nm, and the maximum load varied along with
the maximum depth (i.e., a higher maximum depth implies a higher maximum load).
However, as mentioned, the properties were measured as a function of penetration
depth, and the final material property values were attained by taking an average
across a range of depths.

Several authors [71–73] showed that when a sharp nanoindenter tip (such as
the Berkovich tip) is interacting with a bulk, homogeneous material, there is a linear
relationship (with zero y-intercept) between load and dynamic stiffness squared (i.e.,
P = as2, where P is load, s is the dynamic contact stiffness, and a is the slope).
When examining the CSM nanoindentation response, one must choose the depths
over which to average the measurements to produce the final material property value.
Given this linear relationship between load and stiffness squared, it is necessary to
find depths over which the ratio between load and stiffness squared is constant (i.e.,
P/s2 = constant). However, the ratio between load and stiffness squared is often
quite small and it is challenging to find the depths over which it is constant, so, in
this research, the inverse ratio, s2/P , was used.

The measurements were taken from wire samples located in the vertical center
of the coils and from 4 layers within the coil (1, 3, 5, & 8). This is illustrated in
Figure 4.3.
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Figure 4.3: Wire insulation samples were taken from the vertical center of each coil
and from 4 layers within the coil (layers increase moving from outside to inside of
the coil).

4.2 Measurement Results

4.2.1 Modulus of Elasticity and Hardness

Great care must be taken when interpreting the measurements from nanoin-
dentation. When using CSM, property measurements are produced as a function of
penetration depth, yet, for a homogenous material (we reasonably assume the insu-
lation is homogeneous), the modulus of elasticity and hardness are a single value,
which means these properties cannot be dependent upon depth of penetration. How-
ever, the modulus of elasticity and hardness of the material are contained within
the penetration depth dependent response. The question then concerns the depths
of penetration over which we can safely assume that the bulk insulation material
is being probed. As mentioned earlier, the ratio of stiffness squared to load, s2/P ,
was used to determine these depths. Shown in Figure 4.4 are measurements of s2/P
versus penetration depth for a single coil, indicating the regions of depth that were
used to compute the final reported values of insulation modulus and hardness.
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Figure 4.4: Dynamic stiffness squared divided by load, s2/P , plotted against pene-
tration depth for Coil 4, layer 5. Each line is a single indentation into the insulation
at a unique location. The dash-dot lines indicate the depth region over which each
line of s2/P was approximately constant, and thus where measurements of modulus
and hardness were taken to be representative of the insulation material properties.
In these regions, the data points that make up each line were averaged to produce
the final reported property value. In (a), the entire penetration depth range is
shown; in (b), the depth over which each line was averaged is shown; and in (c), the
values above the computed property region are shown.

The output modulus of elasticity measurements for the same coil as shown in
Figure 4.4 are shown in Figure 4.5. The y-axis of this figure is labeled as ”Measured
Modulus of Elasticity” in order to distinguish between the values shown in the plot
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and the true modulus of elasticity of the insulation material. The true modulus of
elasticity and hardness was estimated by averaging the individual data points in
each line over the depths between 75 nm and 200 nm for the aged insulation, and
100 nm and 1000 nm for the healthy insulation.
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Figure 4.5: Output modulus of elasticity measurements plotted against indentation
depth for Coil 4, layer 5 compared against the same measurements for the healthy
insulation sample. The black lines are measurements taken from the healthy insu-
lation sample, while the colored lines are the measurements taken from Coil 4, layer
5. As noted in Figure 4.4, the individual data points that make up each line were
averaged over the depths between 75 nm and 200 nm to produce the final, reported
modulus of elasticity measurements. The same procedure was used to produce the
hardness values.

The computed values of the modulus of elasticity measurements for all 4 dual-
wound coils are shown in Figure 4.6, and the values of hardness for each of the
dual-wound coils are shown in Figure 4.7. These measurements were made after
the coils were aged and are compared with a healthy sample of the magnet wire
insulation. The boxplots shown in Figure 4.6 and Figure 4.7 are composed of at
least 10 indents per sample. The whisker length is taken as the largest or smallest
value that falls with the whisker window, which is computed as q3 + 1.5× (q3 − q1)
for the upper window, and q1 − 1.5× (q3 − q1) for the lower window, where q1 and
q3 are the first and third data quartiles, respectively. All outliers (red ‘+’ marks)
are those measurements that fall outside the whisker length.

The aged insulation registers a higher modulus and hardness than the healthy
insulation at every measured layer in the coil (for most indentation samples). This
could be taken as an indication that the insulation has become more brittle, lowering
the resistance of the insulation to fracture in the presence of mechanical stresses.
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Figure 4.6: Modulus of elasticity for coil insulation samples at 4 layers within each
dual-wound coil for (a) Coil 1; (b) Coil 2; (c) Coil 3; and (d) Coil 4. The dashed line
and gray area shows the median value and 99% distribution of the healthy insulation
modulus of elasticity measurements. The median of the healthy insulation modulus
was 4.0 GPa, while the maximum value was 4.1 GPa and the minimum value was
3.8 GPa.
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Figure 4.7: Hardness for coil insulation samples at 4 layers within each dual-wound
coil for (a) Coil 1; (b) Coil 2; (c) Coil 3; and (d) Coil 4. The dashed line and gray
area shows the median value and 99% distribution of the healthy insulation hardness
measurements. The median of the healthy insulation hardness was 0.26 GPa; the
maximum was 0.27 GPa and the minimum was 0.24 GPa.

4.2.2 Fracture Toughness

The study of brittleness is closely related to that of material fracture toughness,
which is a measure of how resistant a material is to fracture once a defect is present.
Fracture toughness is a measure of material brittleness and can be measured using
the ratio of modulus of elasticity to hardness, E/H. The Lawn-Evans-Marshall
(LEM) model [74–76] proposed that fracture toughness be computed according to
Equation 4.6:

Kc = α
Pmax

c3/2

(
E

H

)n
, (4.6)

where α is a calibration constant, c is the crack length measured from the center of
contact to the end of the corner radial crack, and n is 1/2. Others [77, 78], among
other slight differences, determined n to be 2/3. Nevertheless, the ratio of modulus
of elasticity to hardness remains. This is sensible considering that a brittle material
is one in which there is a tendency to fracture with very little or no detectable plastic
deformation beforehand. Hardness measures the material’s resistance to localized
plastic deformation, modulus of elasticity measures the material’s resistance to elas-
tic deformation, and toughness is the amount of energy a material can absorb before
fracture. Hence, this ratio, E/H, tends to be small for brittle materials because elas-
tic and plastic deformations allow materials to absorb energy. The boxplots of the
ratio of modulus of elasticity to hardness are shown in Figure 4.8.
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Figure 4.8: Ratio of E/H for coil insulation samples at 4 layers within each dual-
wound coil for (a) Coil 1; (b) Coil 2; (c) Coil 3; and (d) Coil 4. The dashed line and
gray area shows the median value and 99% distribution of the healthy insulation
E/H measurements. The median of the healthy insulation E/H was 15.38; the
maximum was 15.83 and the minimum was 15.19.

Kruskal-Wallis and ANOVA (analysis of variance) statistical tests were per-
formed on each of the dual-wound coils and the corresponding layers to test for
similarity between the E/H measurements of the aged insulation and the healthy
insulation. The significance values for each test are shown in Tables 4.1 and 4.2.
According to the Kruskal-Wallis calculations, the null hypothesis can be rejected
(meaning the distributions are distinct) in 11/16 cases with a significance value of
p < 0.01, while using ANOVA, 9/16 cases reject the null hypothesis with a signif-
icance value of p < 0.01. In all cases, the median value of the aged coil insulation
samples lies below the median value of the healthy samples. And in all cases but 1
(Coil 2, layer 1), the median value of the aged coil insulation samples lies outside
(below) the 99% distribution of the healthy samples.

A second method of understanding the fracture toughness of the insulation
material was suggested by Toivola et al. [79] and expanded upon by Oyen and Cook
[80] for cases where crack observation may not be possible. Here it was suggested to
use the load-displacement trace for discontinuities by examining the P -h gradient,
dP/dh. A single load-displacement trace is shown in Figure 4.9.
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Table 4.1: Significance values for Kruskal-Wallis non-parametric test between aged
insulation sample and new insulation sample E/H calculations.

Layer number

1 3 5 8

Coil
number

1 0.0000 0.4548 0.0050 0.0035

2 0.1445 0.0000 0.0077 0.0001

3 0.0000 0.0014 0.1151 0.2722

4 0.0000 0.0425 0.0003 0.0002

Table 4.2: Significance values for ANOVA test between aged insulation sample and
new insulation sample E/H calculations.

Layer number

1 3 5 8

Coil
number

1 0.0000 0.0780 0.0182 0.0000

2 0.3317 0.0000 0.0197 0.0001

3 0.0000 0.0044 0.0297 0.0848

4 0.0000 0.0183 0.0001 0.0005
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Figure 4.9: Load-displacement trace for a single indent on an insulation sample from
Coil 4, layer 1.
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One way to test for discontinuities in the load-displacement trace is to evaluate
the error associated with a best-fit line through the data. If the fit is appropriate
for the data, then the error should be zero-mean and approximately normally dis-
tributed, and a higher standard deviation of the error will imply a greater number of
discontinuities in the data. Examining the load-displacement trace suggests that it
can be fit with a power function, P = ahb. Hence, gradient of the load-displacement
trace is also a power law function, dP/dh = abhb−1 = chd. The analysis procedure
is to differentiate the load-displacement data, fit a power law function to the result,
and then examine the standard deviation of the error between the power law fit and
the differentiated data. The resulting boxplots are shown in Figure 4.10. It should
be noted that for each of the fits, the coefficient of determination, R2, was computed
(an appropriate goodness-of-fit measure for power functions), and none of the fits
yielded a value less than 0.95 (out of a perfect value of 1).

Figure 4.10: Standard deviation of the error between dP/dh data and the corre-
sponding power law curve fit for coil insulation samples at 4 layers within each
dual-wound coil for (a) Coil 1; (b) Coil 2; (c) Coil 3; and (d) Coil 4. The dashed line
and gray area shows the median value and 99% distribution of the healthy insulation
measurements.

In general, the error standard deviation is larger for aged samples than for new
samples. While this evidence is less definitive than the previous E/H analysis, given
that samples from four layers are almost entirely below the healthy measurements,
it still lends credence to the hypothesis that the aged insulation has a lower fracture
toughness than the new insulation.
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4.2.3 Insulation Thickness

A possible explanation for the increase in capacitance is a decrease in the in-
sulation thickness. This is a direct conclusion from a parallel plate capacitor model,
which says C = kε0A/d, where C is the capacitance, k is the relative permittivity
of the dielectric material, ε0 is the permittivity of empty space, A is the area of the
electrode plates, and d is the distance between the electrodes. Hence, capacitance
is inversely proportional to the distance between the electrodes. Given the mechan-
ical expansion of the copper wire in a coil due to Joule hearing, along with the
increased pliability of the polymer due to the increased temperature, the thickness
of the insulation may decrease in the location where it is compressed by the copper
wire. Furthermore, the elevated temperature will cause chemical changes in the
insulation which will alter the permittivity of the material, including evaporation
of components of the insulation. Unfortunately, in this work, a direct measurement
of the thickness of the insulation after aging was not possible. When disassembling
the coils after aging, the insulation was found to be ”flaky”, meaning pieces of the
insulation would simply flake off the wire. Thus it was challenging to acquire a piece
of magnet wire with a fully intact circumference of insulation. Hence, two pieces
of evidence are used to support the hypothesis that the insulation became thinner
over the course of aging. The weight loss of the insulation and the bobbin from
each coil is shown in Figure 4.11. These numbers were calculated by subtracting
the weight of the copper conductor, which can be found using the coil resistance,
cross-sectional area of the magnet wire, coductor and density of copper, from the
total weight. Hence, the result is the weight of the insulation plus the weight of the
bobbin. This shows that over the course of aging, the insulation and bobbin lost
mass, which in the case of insulation weight loss, could indicate a decreased thick-
ness between the copper conductor wires. Moreover, cross-referencing this image
with Figure 3.14 shows that the coil that lost the most weight also had the greatest
increase in capacitance, and the coil that lost the least amount of weight had the
lowest increase in capacitance; the other two lost similar amounts of weight and had
similar increases in capacitance. It should be noted that aromatic polyimides are
known to lose weight even at the relatively low temperatures used in this experi-
ment. Hondred et al. [81] stated: “A simple isothermal TG analysis of Kapton HN
[a general purpose Kapton film] at 150◦C for 1 h shows 2–3% weight loss and then
stabilizes with no additional weight loss, indicating the removal of water from the
sample.” Hence, it is likely that a portion of the computed weight loss percentage
is due to weight loss of the polyimide insulation.

A second, and perhaps more persuasive, piece of evidence that points to the
thinning of the insulation is the nanoindentation data. During nanoindentation, the
indenter is driven deeper into the specimen and if there is a substrate of different
material beneath the specimen, the properties of the substrate can begin to influence
the measurement. If two different specimens show the influence of the substrate at
different depths, given that they are otherwise the same material, it can be inferred
that one is thinner than the other. An example of this shown in Figure 4.12.

The aged samples began as identical to the new samples, so after aging, the
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Figure 4.11: Insulation and bobbin weight from the dual-wound coils over the aging
period. The insulation and bobbin weight was computed by subtracting the weight
of the copper (found using DC resistance and cross-sectional area, along with known
quantities of density and resistivity) from the weight of the coil. The percents change
are also shown in the figure.

influence of the copper wire on the measurements is apparent. Since the modulus
of copper is much higher than that of polyimide, the copper causes the measured
modulus of the aged samples to increase. However, there is no similar increase in
the new samples. Taken in conjunction with the weight loss data, it is likely that
the thickness of insulation between the conductors in the coils decreased.

The analysis presented in this chapter gives credence to the idea that the
insulation material becomes more brittle, and thus more susceptible to fracture, as
it ages. This suggests a failure mechanism that involves the mechanical stress of the
expanded copper (due to Joule heating) acting on the increasingly brittle insulation,
ultimately resulting in fracture and turn-to-turn shorting.
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Figure 4.12: Measured modulus of elasticity plotted against indentation depth for
Coil 4, layer 1 compared against the same for the healthy insulation sample. The
black lines are measurements taken from the healthy insulation sample, while the
colored lines are the measurements taken from Coil 4, layer 1.
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Chapter 5: Insulation Chemical Property Analysis

A holistic understanding of insulation degradation must account for changes in
chemical properties in addition to the electrical and mechanical properties studied in
previous chapters. In this chapter, the insulation from dual-wound coils used in the
prior analyses is examined using Fourier transform infrared (FT-IR) spectroscopy.

5.1 Fourier Transform Infrared Spectroscopy

FT-IR is a technique that can be used to probe the chemical bonds within
a material. Essentially, infrared (IR) spectroscopy measures the electromagnetic
radiation absorbed or emitted by a chemical species associated with changes in its
vibrational energy state. In order for electromagnetic radiation to be emitted or
absorbed, a molecule must produce an oscillating dipole moment [82]. The resulting
bond vibrations are generally described as: symmetric and anti-symmetric stretch-
ing, twisting, bending, and rocking. These modes are illustrated in Figure 5.1. The
nature of the functional group determines the frequency at which vibrations are
observed.

Figure 5.1: Examples of vibrational modes for methylene group (illustration taken
from [83]).

67



The IR portion of the electromagnetic spectrum spans wavenumbers from
14000 to 20 cm−1. This is generally divided into three sub-regions: near-IR (14000
to 4000 cm−1), mid-IR (4000 to 200 cm−1), and far-IR (200 to 20 cm−1). Most funda-
mental vibrational frequencies for organic materials, such as magnet wire insulation,
are found in the mid-IR range.

In this study, the attenuated total reflection (ATR) method was used in con-
junction with an Agilent Cary 6000 FT-IR microscope. The use of a microscope
allowed for the magnet wire sample to be placed under the IR crystal, and the insu-
lation IR spectra to be measured without removal of the insulation from the magnet
wire. The measured wavenumbers spanned from 4000 cm−1 to 700 cm−1.

5.2 Measurement Results

The insulation material is an aromatic polyimide [66]. However, the exact
chemical structure is unknown. Dupont’s Kapton is an aromatic polyimide that is
also used in insulation applications. The chemical structure for Kapton is shown in
Figure 5.2.

Figure 5.2: Chemical structure of Kapton, an aromatic polyimide (illustration taken
from [84]).

As in the previous chapter, 4 layers of each dual-wound coil were measured.
The samples were taken from the same location on the coil as those used to mea-
sure the mechanical properties. Each measurement consisted of an average of 32
spectrum scans, each with a resolution of 4 cm−1. After the initial measurement
was performed, the spectrum was baseline corrected, and the region containing CO2

was flatlined in the spectrum. While the use of the FT-IR microscope garnered
significant benefits, one of the drawbacks of the technique is the need to embed the
IR crystal in the material, ensuring that the IR signal is completely injected into the
sample and the sensor measures the emitted radiation. While this produces repeat-
able measurements, it also causes the distance between the surface of the insulation
material and the copper wire to be inconsistent across samples, which can lead to
differences in absorption intensity. Hence, in order to compare samples, they must
be normalized. Prior studies [44, 47, 85] determined that the imide ring remained
intact during thermal aging, hence in order to compare the spectra from the healthy
and aged insulation, the aged spectrum was normalized to the healthy insulation by
ensuring the peaks at ≈ 1714 cm−1 were the same magnitude. In all the samples,
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there is a wide band starting at about 2750 cm−1 and ending at about 3750 cm−1,
with a peak at about 3350 cm−1. This corresponds with O–H and N–H bonds,
which generally span from about 3200 cm−1 to 4000 cm−1 [86], and C–H bonds,
which span from about 2800 cm−1 to 3300 cm−1 [86].
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Figure 5.3: FT-IR results for layer 3 of the dual-wound coils: (a) Coil 1; (b) Coil
2; (c) Coil 3; (d) Coil 4. The two FT-IR curves were normalized to the peak of the
healthy insulation at ≈ 1714 cm−1.

In Figure 5.4, the FT-IR spectrum from Coil 4, layer 3 is shown. In this
figure, the locations that are common to both healthy and aged insulation spectra
are noted with a “dash-dot” line. In this figure, support for the normalizing scheme is
reinforced since the two curves are equal at points where the imide structure reveals
itself [47, 85–88]: 1779 and 1720 cm−1 (asymmetric and symmetric C––O imide ring
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stretching bands), 1373 cm−1 (C–N stretching band), and 723 cm−1 (imide ring
deformation band).
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Figure 5.4: FT-IR measurements for Coil 4, layer 3 and the healthy insulation
showing peaks that are in both spectra at the same wavenumbers. From left to
right, the dash-dot lines indicate: 1779 cm−1 is imide ring asymmetric C––O stretch;
1720 cm−1 is imide ring symmetric stretch; 1599 cm−1 is aromatic C–C ring stretch;
1512 cm−1 is aromatic C–C ring stretch; 1370 cm−1 is C–N stretch; and 723 cm−1

is imide ring deformation.
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Figure 5.5: FT-IR measurements for Coil 4, layer 3 and the healthy insulation show-
ing wavenumbers where there are differences between the two spectra. In the figure,
dash-dot lines indicate wavenumbers where there is a noticeable difference between
the two spectra (left to right): 1672 cm−1, 1277 cm−1, 931.4 cm−1, 852.4 cm−1, and
767.5 cm−1.

Figure 5.5 shows the same sample (Coil 4, layer 3), with the dash-dot lines
indicating the location of wavenumbers where there are noticeable growths or ab-
sences in the aged insulation. At 1672 cm−1, the healthy insulation spectrum has a
peak that is absent from the aged insulation spectrum. At 1277 cm−1, 931.4 cm−1,
852.4 cm−1, and 767.5 cm−1, there are peaks in the aged insulation spectrum that
are absent from the healthy insulation spectrum. The plots containing these regions
of interest are shown in Figure 5.6. Here, each peak and valley comparison between
the healthy and aged insulation can be seen in greater detail.
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Figure 5.6: Each of the locations that were mentioned in Figure 5.5 are shown in
more detail.

A different perspective on the FT-IR data is presented in Figure 5.7, where
the aged insulation spectrum was subtracted from the healthy insulation spectrum(

IRhealthy − IRaged

)
. This reinforces many of the prior observations about where

in the FT-IR spectra the differences between the materials lie. Furthermore, this
plot helps to portray the regions of the spectrum where the healthy insulation shows
a greater intensity versus those where the aged insulation shows a greater intensity.

From the FT-IR spectra and data presented, there are a few conclusions that
can be drawn. It appears that the intensity of C–C aromatic bonds (1514 cm−1)
has decreased and this decrease is consistent across the samples. This suggests a
cleavage of some benzene ring structures in the insulation during aging. However,
it must be noted that it is not always possible to determine molecule concentration
from IR intensity. Hence this conclusion is tentative.

There is a narrow band centered at 931 cm−1 in the aged insulation and at
the same wavenumber, there is a notable dip (between two peaks at 918 cm−1

and 945 cm−1) in the healthy insulation. The aged insulation also has peaks at
767.5 cm−1 and 1277 cm−1. According to Bio-Rad’s KnowItAll IR Spectral Library,
these are associated with 3-ring ethers, with C–O–C bonds located in the regions:
1230-1280 cm−1 (symmetric stretching), 815-950 cm−1 (anti-symmetric stretching),
805-880 cm−1 (deformation), 775-850 cm−1 (deformation), and 750-770 cm−1 (defor-
mation).

Taken together with the observed decreased concentration of aromatic C–C
bonds, this leads to the possibility that for some of the polymer chains, the diethyl
ether functional group (C6H6 –O–C6H6) splits at one of the benzene rings. This
leaves the oxygen attached to one benzene ring on one side and to a hydrocarbon
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of lesser degree than benzene. This finding is similar to one produced by Tsukiji
et al. [85] who stated: “The absorption due to C–C and C–O groups and due to
condensed ring are observed for the samples. On the other hand, the asymmetric
stretching band due to the diphenyl-ether group and the aromatic ring stretching
band do [sic] not observed. These results show that diphenyl-ether is damaged under
long term thermal degradation and that imide rings are not damages seriously.”

Based on this finding, it appears as though the polymer chain likely splits,
resulting in shorter polymer chains on average throughout the material. This result
is surprising when taken in conjunction with the results of the nanoindentation tests.
Generally, a shorter polymer chain will result in lower modulus of elasticity. In this
case, the polyimide modulus of elasticity increased. It is not clear how these results
are congruent. However, one possibility is that the increase is caused by increased
concentration of 3-ring ethers, which can be epoxides. For some materials, epoxide
addition has been shown to increase the modulus of elasticity and hardness [89–91].
Hence, if the insulation is becoming epoxified, the modulus of elasticity and hardness
could increase, and the chemical findings would be satisfied.
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Figure 5.7: FT-IR difference spectrum between healthy and Coil 4, layer 3. The
aged insulation spectrum was subtracted from the healthy spectrum. The red line
is the zero mark, where the two spectra are equal.
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Chapter 6: Loose Magnet Wire Thermal Aging

Prior to this chapter, the experiments were concerned with examining the
insulation of magnet wire that was used in an electromagnetic coil. In this chapter,
the mechanical and chemical properties of aged insulation from loose magnet wire
aged outside of a coil are examined.

6.1 Aging in Air

In this experiment, a single piece of magnet wire with Essex heavy Allex
polyimide insulation was placed in a thermal chamber at 250 ◦C (10 degrees Celsius
greater than its 20,000 hours rating) for 7 weeks. A portion of the magnet wire
was removed from the larger wire at weeks 1, 2, 3, and 5, and the remainder was
removed at week 7. Each piece of removed magnet wire was divided and one part
examined using nanoindentation and the other examined using FT-IR.

6.1.1 Nanoindentation Results

Over the course of the experiment, the modulus of elasticity and hardness
changed. These changes are shown in Figure 6.1 and Figure 6.2. The same method
of producing boxplots was used as that used in Section 4.2.
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Figure 6.1: Evolution of polyimide insulation modulus of elasticity for a piece of
magnet wire aged at 250 ◦C.
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Figure 6.2: Evolution of polyimide insulation hardness for a piece of magnet wire
aged at 250 ◦C.

These results reinforce those shown for the dual-wound coil experiments. Both
the modulus of elasticity and the hardness of the insulation material increase as a
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result of thermal aging. There is an initial steep increase in modulus of elasticity
and hardness that appears to remain relatively steady for the next week. At week 3,
there is a small drop in both and this is relatively steady through the next two weeks.
Both modulus of elasticity and hardness increase at week 7, though hardness has a
greater relative increase. The ratio of modulus of elasticity to hardness is shown in
Figure 6.3.
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Figure 6.3: Evolution of polyimide insulation modulus of elasticity to hardness for
a piece of magnet wire aged at 250 ◦C.

This again parallels the findings from the dual-wound coils, showing that ther-
mal aging of the polyimide insulation material results in decreased values of fracture
toughness as measured by the ratio of modulus of elasticity to hardness.

6.1.2 FT-IR Results

The procedure for acquiring the FT-IR spectra is the same as that presented
in Section 5.2. The temporal FT-IR data for the polyimide insulation material are
shown in Figure 6.4 and the FT-IR difference (computed as IRhealthy − IRaged)

spectra are shown in Figure 6.5.
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Figure 6.4: Evolution of polyimide insulation FT-IR spectrum for a piece of magnet
wire aged at 250 ◦C.

78



-0.1

-0.05

0

0.05

0.1

-0.1

-0.05

0

0.05

0.1

-0.1

-0.05

0

0.05

0.1

-0.1

-0.05

0

0.05

0.1

5001000150020002500300035004000
-0.1

-0.05

0

0.05

0.1
7 weeks

5 weeks

3 weeks

2 weeks

1 week

Figure 6.5: Evolution of polyimide insulation FT-IR spectrum for a piece of magnet
wire aged at 250 ◦C.

It appears that with the FT-IR measurements parallel those found in the dual-
wound coil experiment. Indeed, the locations of change in the spectrum noted in Sec-
tion 5.2 and Figure 5.6 (1514 cm−1, 1277 cm−1, 931 cm−1, 852.4 cm−1, and 767.5 cm−1)
appear in the first week of thermal aging of the magnet wire. At 1092 cm−1 and
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1117 cm−1 there is a pair of peaks that is initially very close to the healthy insula-
tion spectrum at those wavenumbers. However, as the insulation continued to age,
the intensity of the aged insulation diverged from the healthy insulation spectrum
at those wavenumbers. There is also a small peak at 1018 cm−1 where the aged
insulation and the healthy insulation were close in IR intensity. As the insulation
aged, the peak diminished significantly.

6.2 Aging in Argon

In this experiment, a single piece of magnet wire with Essex heavy Allex
polyimide insulation was placed in a thermal chamber at 250 ◦C (10 degrees Celsius
greater than its 20,000 hours rating) for 5 weeks. The magnet wire was placed in a
container while both the container and magnet wire were inside a glovebox that was
filled with argon gas (the glovebox interior was slightly above atmospheric pressure).
The container had caps on both ends, and the threads were sealed with teflon tape.
The container with the magnet wire inside are shown in Figure 6.6.

Figure 6.6: Container with magnet wire inside, which was assembled and sealed in
an argon environment.

The mechanical properties of the aged insulation material were measured us-
ing nanoindentation. The modulus of elasticity, hardness, and ratio of modulus of
elasticity to hardness are shown in Figure 6.7. The boxplots show the distribution
of values for healthy insulation, insulation aged for 5 weeks in argon, and insulation
aged for 5 weeks in air (i.e., values at 5 weeks shown in Figures 6.1, 6.2, and 6.3).
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Figure 6.7: Modulus of elasticity, hardness, and ratio of modulus of elasticity to
hardness of the polyimide insulation for a piece of magnet wire aged at 250 ◦C in
argon gas for 5 weeks, compared with healthy insulation and insulation aged in air
for 5 weeks.

The insulation aged in argon for 5 weeks has higher values of modulus and
hardness than the insulation aged in air for 5 weeks, which is higher than the
values for the healthy insulation. The ratio E/H for the insulation aged in argon
is slightly lower than the healthy, but is slightly higher than the insulation aged in
air. However, the hardness of the air aged insulation increased noticeably after 7
weeks of aging, which made the E/H ratio much lower after 7 weeks.

The IR spectrum of the argon-aged insulation sample was measured in the
same manner as that of previous IR spectra discussed in this study. The comparisons
of the healthy insulation IR spectrum with that of the insulation aged in argon, and
of the insulation aged in air (at 5 weeks) with that of the insulation aged in argon
are shown in Figure 6.8, and the difference spectra are shown in Figure 6.9. The
argon-aged insulation IR spectrum and the air-aged IR spectrum were normalized to
the healthy insulation IR spectrum according to the normalization scheme discussed
in Section 5.2. The difference spectra were computed as: (a) IRhealthy − IRargon;

and (b) IRair − IRargon.
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Figure 6.8: Comparison of IR spectrum of argon-aged insulation with (a) healthy
insulation; and (b) air-aged insulation at 5 weeks.
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Figure 6.9: IR difference spectra of 5 week argon-aged insulation with (a) healthy
insulation, computed as IRhealthy−IRargon; and (b) air-aged insulation at 5 weeks,

computed as IRair − IRargon.

82



The similarity of the argon-aged and air-aged IR spectra above about 1500 cm−1

suggests that there are portions of the aging/degradation mechanism, such as the
decreased intensity of C–C aromatic bonds, that are not oxygen dependent. The
difference spectrum in Figure 6.9(b) can be broadly split into two distinct regions
of interest: 1250-1340 cm−1, where the argon-aged insulation IR spectrum has a
higher intensity, and 950-1250 cm−1, where the air-aged insulation IR spectrum has
a higher intensity. These regions may account for the differences observed in the
mechanical properties.
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Chapter 7: Conclusion

Electromagnetic coil insulation is recognized as a primary site of coil failures.
Insulation health monitoring can reduce machine downtime, but it remained chal-
lenging to identify features with adequate sensitivity that are readily measurable.
Previous authors [33–36] investigated impedance-based coil insulation diagnostic
systems based upon the assumption that the resonant frequency provided the best
indication of insulation health. Unfortunately, while these studies are valuable,
they did not address key features of the impedance frequency spectrum which are
responsive to insulation degradation.

Prior to this study, no results were published examining the relationship be-
tween insulation electrical parameters and coil impedance. Indeed, most prior work
that addressed coil impedance considered only the resonant frequency as an im-
portant feature for health monitoring purposes. However, while monitoring the
resonant frequency can be useful for some insulation materials (and not as useful for
others [17]), there is insulation health information found at most frequencies around
resonance.

Monitoring the resonant frequency carries a requirement that one of two condi-
tions must be met. The user must measure impedance over a fine grid of frequencies
in order to know the precise frequency at which reactance crosses zero. Or the user
must interpolate to estimate the frequency at which reactance crosses zero. This
study showed that for impedance-based insulation health monitoring, neither a fine
grid of frequencies be used nor linear interpolation need be used, since many fre-
quencies around resonance contain insulation health information. As shown in the
experiments herein, the frequencies around resonance experience a higher percent
change than resonant frequency. This result is supported by the sensitivity analysis
performed on an electromagnetic coil equivalent circuit model in Chapter 3, Section
3.2.

The experiments and analyses presented in this study revealed how impedance
spectra evolve for electromagnetic coils when the insulation is subjected to thermo-
mechanical stress, and where the spectrum changes most. The modulus of elasticity,
hardness, and IR spectra were measured before and after insulation degradation,
showing how the insulation material changes in conjunction with the changes in coil
impedance. An additional experiment on loose magnet wire supported the modulus
of elasticity, hardness, and IR spectra findings in the coil experiments. This data
delivers quantitative measurements and analysis that will assist system designers in
selecting ideal frequencies to use when employing impedance-based insulation health
monitoring, and for choosing appropriate thresholds for repair and replacement ac-
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tions.

7.1 Implementation

A preliminary idea for the implementation of such a system in an industrial
setting would require a low-voltage AC signal at a specified frequency to be injected
into the coil, superimposed on the power signal. Then the resulting output current
must be measured to compute the impedance. This is similar to the system given by
Perisse et al. [33]. The frequencies for which measurements are required are those
in the vicinity of the original resonant frequency. For example, for the coil used in
the preliminary experiment (see Section 1.2), the relevant frequencies (top 5% most
sensitive frequencies) are between 182 and 408 kHz, which corresponds to a range
of about [0.72fr, 1.62fr], where fr is the resonant frequency in Hz. For the dual-
wound coils, the relevant frequencies (top 5% most sensitive frequencies) were in the
range [0.64fr, 1.36fr]. Hence, based upon the experimental data presented in this
study, a suitable range could be [0.5fr, 1.7fr], though this range can be narrowed
by characterizing how the impedance changes as the insulation degrades. Once the
coil has been characterized in the lab, and the most sensitive frequencies identified,
impedance need only be monitored at those identified frequencies, eliminating the
need to monitor the entire spectrum. Depending upon the expected rate of degra-
dation, the coils may only need to be monitored periodically (e.g., once a week),
and their measurements trended over time in order to compare with the healthy
baseline. In this way, multiple coils could be monitored by the same measurement
system by switching the measurement device to interact with different coils. Al-
ternatively, inexpensive microelectronic signal generator and detection components
could be incorporated into the internal or external circuitry controlling the valve (or
coil). Either approach would allow health monitoring without affecting the opera-
tional state of the valve or coil.

The variation of temperature in the proposed health monitoring scheme was
not broached in this paper, as the presented spectra were isothermal. However, it is
a concern that must be discussed. It is not uncommon for the coil temperature to be
monitored using DC resistance (or thermocouples placed at various locations within
the coil). Hence, one possible method for incorporating temperature effects into
the impedance measurement is as follows. It is reasonable to assume that a given
impedance spectrum will have been obtained at approximately a single temperature.
Therefore, the procedure must take the temperature into account by mapping each
measured spectrum into a spectrum measured at a reference temperature. In other
words, after measuring a spectrum at a reference temperature, TR, each subsequent
spectrum should be passed through a model that can correct it to the reference
temperature. The functional mapping must be developed using early spectra mea-
surements at various temperatures (during which time, it can be assumed that the
insulation is healthy) in order to have the mapping available that can differentiate
between changes due to temperature and those due to insulation degradation.
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7.2 Suggested Future Research

There is little understanding within the electrical insulation community of
how different insulation materials’ parameters will evolve in the conditions present
in an electromagnetic coil. However, the results presented herein aim to close a
portion of that knowledge gap by showing results for polyimide. Given the use of an
aromatic polyimide insulation, the results are central to implementing a successful
impedance-based health monitoring system for electromagnetic coils with polyimide
insulation, since aromatic polyimides are widely used for insulation applications
because of their stability in thermal stress environments. The results show how
polyimide insulation capacitance and insulation resistance change when subjected
to electromagnetic coil-specific degradation conditions, and how these parameter
changes affect the overall coil impedance, in addition to corresponding changes in
modulus of elasticity, hardness, fracture toughness, and material infrared (IR) spec-
trum. Hence, the first two suggestions for future research are meant to address these
limitations. One direction for future research is to fill the gaps in knowledge con-
cerning other insulation materials and how they change when subjected to stresses
present in electromagnetic coils. The optimal discovery is a general principle relating
polymer structure and the expected nature of degradation. In the research presented
herein, changes in the IR spectra were measured and possible changes in bonds were
noted. However, it is likely that additional examination techniques (e.g., nuclear
magnetic resonance, x-ray photoelectron spectroscopy) could reveal more about the
nature of the changes, shedding light on the chemical changes that are experienced
by the insulation material. Moreover, it is important to understand how the increase
in modulus of elasticity and hardness of polyimide and other insulation materials
are congruent with the apparent shortened polymer length.

A second line of future research is into the underlying failure mechanism for
insulation used in electromagnetic coils. Based on the findings presented in this
study, it appears that the insulation experiences embrittlement, which, combined
with the mechanical stresses present from conductor expansion, results in insula-
tion fracture and the formation of turn-to-turn shorts. However, a more thorough
investigation into polymer embrittlement and the measurement thereof is vital to
providing a firm foundation for this particular failure mechanism.

A third line of future research deals with the implementation of this method
toward coil prognostics. Two goals of the present research were to show that the
impedance measurements were reflecting changes in the insulation material proper-
ties and to find frequencies where the insulation health was best reflected in the coil
impedance measurements. However, in order for this to be valuable for electromag-
netic coil users, the impedance measurements must be modeled and forecasted to
provide indication of when the coil should be replaced for maximum useful life, but
prior to insulation failure. Hence, an optimal method for prognostics would model
impedance measurements near the coil resonance, and using knowledge about the
failure threshold, forecast the models into the future in order to find when the mea-
surements cross the failure threshold. The resonant frequency and failure threshold
can be determined from preliminary testing in a laboratory.

86



A final line of future research is into the implementation of this method in
an industrial environment. Within this potential effort are three main thrusts.
First, an industrial environment may contain multiple stressors, including humidity
and radiation, which may act in conjunction with the thermo-mechanical stress
discussed in this research. Hence, it is necessary to understand the effect of these
stressors on insulation degradation and on the impedance measurements. Second,
measuring impedance in an industrial environment will present its own challenges.
It is critical to the effectiveness of this method that the measured impedance reflect
true measurements from the electromagnetic coil under investigation. However, it
is likely that if a measurement signal is transmitted over long distance, there will
be signal degradation, and this must be taken into account. Of course, there are
other means to measure coil impedance, including mobile impedance probes. There
are repeatability challenges associated with these probes, in that impedance will be
dependent upon the connection between the probe and the coil. Thus, it would be
valuable to quantify the uncertainty associated with the use of a mobile impedance
probe in measuring coil impedance. Finally, it is necessary to address the affect that
positional changes of a magnetically permeable core (e.g., a plunger in a solenoid
valve) might have on the impedance measurements. This is especially important for
solenoid-operated valves, in which the plunger may gradually change position as the
plunger, the plunger tube, and/or the spring may degrade causing slight changes in
the plunger position.
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Chapter 7: Contributions and Resulting Publications

7.1 Contributions

In this research, the contributions made are as follows. First, I developed an
electromagnetic coil health monitoring method using low signal impedance mea-
surement, thus minimizing disturbance to the system. I used the Spearman rank
correlation coefficient to narrow the range of frequencies necessary to assess insula-
tion health. Second, I established links between the electromagnetic coil impedance
measurements and the mechanical, chemical, and electrical properties of polyimide
insulation when subjected to thermo-mechanical aging. An equivalent circuit model
(ECM) was developed and the theoretical sensitivity coefficients of the ECM with
respect to changes in the insulation capacitance and resistance were computed. A
set of four (4) dual-wound electromagnetic coils with aromatic polyimide insulation
were thermo-mechanically aged and the aging data was analyzed using a “slope-
enhanced” Spearman correlation spectrum, which showed the frequencies of high
correlation in addition to the frequencies where the time series had the highest lin-
ear (least-squares) slopes, in an absolute value sense. The insulation modulus of
elasticity and hardness were measured using nanoindentation. These measurements
showed that, as the insulation thermally aged in an electromagnetic coil application,
the modulus of elasticity and hardness increased. The new and aged insulation IR
spectra were measured using Fourier transform infrared (FT-IR) spectroscopy. An
analysis of the FT-IR data revealed that the concentration of C–C aromatic bonds
decreased, while the intensity of epoxides, a class of 3-ring ethers, increased. Third,
I developed a hypothesized failure mechanism for the polyimide insulation where
the insulation thickness decreased and material brittleness increased. This combi-
nation results in a material more prone to fracture, which results in the failure of
the insulation, and ultimately, failure of the electromagnetic coil.

7.2 Resulting Publications

1. N. Jordan Jameson, M. H. Azarian, and M. Pecht, “Impedance-based condi-
tion monitoring for insulation systems used in low-voltage electromagnetic
coils,” IEEE Transactions on Industrial Electronics, vol. 64, no. 5, pp.
3748–3757, May 2017.

2. N. Jordan Jameson, Michael H. Azarian, and Michael Pecht, “Improved elec-
tromagnetic coil insulation health monitoring using equivalent circuit model
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analysis,” submitted March 2019 (under review), International Journal of
Electrical Power & Energy Systems.

3. N. Jordan Jameson, Michael H. Azarian, and Michael Pecht, “The connec-
tion between degraded electromagnetic coil Insulation parameters and coil
impedance: Part 1 – Electrical measurements”, in-progress.

4. N. Jordan Jameson, Michael H. Azarian, and Michael Pecht, “The connec-
tion between degraded electromagnetic coil Insulation parameters and coil
impedance: Part 2 – Mechanical and chemical measurements”, in-progress.

5. N. Jordan Jameson, Michael H. Azarian, and Michael Pecht, “Comparative
analysis of thermally aged polyimide and polyester magnet wire insulation
mechanical and chemical properties,” in-progress.

6. N. Jordan Jameson, Michael H. Azarian, and Michael Pecht, “Thermal degra-
dation of polyimide insulation and its effect on electromagnetic coil impedance,”
Proceedings of MFPT 2017 Annual Conference, May 16-18, 2017.

7. N. Jordan Jameson, M. H. Azarian, M. Pecht, K. Wang, and X. Aidong, “Elec-
tromagnetic coil equivalent circuit model sensitivity analysis for impedance-
based insulation health monitoring,” in 2017 Prognostics and System Health
Management Conference (PHM-Harbin), 2017, pp. 1–6.

8. N. Jordan Jameson, M. H. Azarian, and M. Pecht, “Impedance-based health
monitoring of electromagnetic coil insulation subjected to corrosive deteriora-
tion,” in Proceedings of the Annual Conference of the Prognostics and Health
Management Society 2016, Denver, CO, 2016.

9. N. Jordan Jameson, M. H. Azarian, and M. Pecht, “Correlation analysis for
impedance-based health monitoring of electromagnetic coils,” in 2016 IEEE
International Conference on Prognostics and Health Management (ICPHM),
2016, pp. 1–6.

10. N. Jordan Jameson, M. H. Azarian, M. Pecht, C. Morillo, and K. Wang,
“Health monitoring of solenoid valve electromagnetic coil insulation under
thermal deterioration,” in Proceedings of MFPT 2016/ISA’s 62nd IIS, Dayton,
OH, 2016.

11. N. Jordan Jameson, M. H. Azarian, and M. Pecht, “Fault diagnostic oppor-
tunities for solenoid operated valves using physics-of-failure analysis,” in 2014
IEEE Conference on Prognostics and Health Management (PHM), 2014, pp.
1–6.

12. K. Wang, H. Guo, A. Xu, N. J. Jameson, M. Pecht, and B. Yan,“1Creating
Self-Aware Low-Voltage Electromagnetic Coils for Incipient Insulation Degra-
dation Monitoring for Smart Manufacturing,” IEEE Access, vol. 6, pp. 69860–69868,
2018.
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