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ABSTRACT

Electromagnetic coils are widely used components in a va-
riety of industries and systems, and their failure can lead to
catastrophic failure of the system in which they are placed.
Past studies have revealed the electromagnetic coil insula-
tion to be a weakness, and there are presently no available
methods to detect degradation in the coil insulation in-situ.
Prior work in the AC motor community on twisted pairs
of magnet wire has shown that insulation capacitance mea-
surements can reveal useful diagnostic information. Yet,
no studies have tracked the coil impedance spectrum over
an aging/degradation period, no methods are available to
identify frequencies in the impedance spectrum to be used,
nor is there discussion concerning methods to employ coil
impedance to determine a degradation mechanism. This pa-
per develops an approach of detection of the aging of insula-
tion in low-voltage electromagnetic coils when subjected to
corrosive environmental conditions by assessing changes in
impedance responses. The complex impedance was resolved
into its real and imaginary parts and the Spearman correla-
tion coefficient was used to find regions of interest within
the impedance spectrum. The results indicate that real and
imaginary impedance provide information that can assist in
condition-based maintenance procedures for electromagnetic
coils. Furthermore, by incorporating frequency-correlation
analysis, the individual frequencies which provide diagnostic
and prognostic information can be identified.

1. INTRODUCTION

Electromagnetic coils are fundamental components of many
electromechanical systems. They are widely used in many in-
dustrial applications including motors, solenoids, and trans-
formers. In solenoid-operated valves (SOVs), electromag-
netic coils have been shown to cause a significant propor-
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tion of failures, as evidenced by a study conducted by Oak
Ridge National Laboratory (Bacanskas, Roberts, & Toman,
1987) showing that over 50% of solenoid valve failures in
U.S. nuclear power plants were attributed to electromagnetic
coil faults (e.g., coil open, coil short). Moreover, solenoid-
operated valves are often applied in safety-instrumented
functions (SIFs), which, in general, preclude any health-
monitoring activities involving valve actuation. In motors,
electromagnetic coil insulation problems contribute to about
one third of all motor failures (Thorsen & Dalva, 1995; Mo-
tor Reliability Working Group, 1985a, 1985b). Degradation
of electromagnetic coil insulation can lead to failure of the
coil and subsequently, the component and system in which
the coil is used.

In a 2009 study, Angadi et al. (Angadi et al., 2009a,
2009b) performed accelerated testing of SOV's and concluded
that the coils are susceptible to “coupled electrical-thermal-
mechanical failure mechanisms,” wherein the application of
voltage causes Joule heating of the conductor wire, thus sub-
jecting the insulation to thermal stresses from the temperature
rise and mechanical stresses from the expansion of the con-
ductor. These studies help indicate the insulation as a weak
point in the electromagnetic coil. As a result, there is a need
for methods to perform diagnostics and prognostics to enable
condition-based maintenance and replacement of the electro-
magnetic coils prior to development of a fault that could cause
catastrophic damage.

2. PRIOR WORK

There has been much work addressing the problem of insu-
lation health monitoring in machinery. In 2004, Stone et al.
(Stone, Boulter, Culbert, & Dhirani, 2004) released a book
that is a standard reference for insulation used in rotating ma-
chinery. In the book, the available methods of diagnostics for
insulation were discussed. These methods include the mea-
surement of the dissipation factor, insulation capacitance, po-
larization index, insulation resistance, insulation power fac-
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tor, and offline partial discharge. A common necessity for
the methods discussed is direct access to the insulation. The
same requirement of direct access to the insulation exists for
all methods presented in this book, except online partial dis-
charge testing, which is only applicable to high-voltage (gen-
erally > 2.3kV) machines. For a system like the SOV (which
generally operates in 120VAC or < 30VDC), and other low
voltage machines, partial discharge monitoring is infeasible.

Others have investigated the use of coil impedance monitor-
ing in insulation diagnostics (Werynski, Roger, Corton, &
Brudny, 2006; Perisse, Werynski, & Roger, 2007; Perisse,
Mercier, Lefevre, & Roger, 2009), not relying on direct ac-
cess to the coil insulation. However, these proposed meth-
ods and their associated studies have not provided a full ac-
counting for the evolution of the impedance spectrum over
an aging/degradation period. Further it should be clear that
as a polymeric material, the insulation will degrade in differ-
ent manners when subjected to different loading conditions.
When subjected to elevated temperatures, polymers will gen-
erally oxidize, leading to shortened molecular chains and de-
creased dielectric properties (Scheirs, 2000). When exposed
to a moisture-rich environment, polymers can succumb to hy-
drolysis, which will also shorten the molecular chains, but in
addition, will cause the capacitance to increase due to the dif-
fusion of water into the insulation.

It is reasonable to assume that measuring the impedance spec-
trum of the electromagnetic coil will yield results that can
be leveraged in a health-monitoring capacity, due to the dis-
tributed capacitance of the insulation (Massarini & Kazimier-
czuk, 1997; Grandi, Kazimierczuk, Massarini, & Reggiani,
1999). However, in order for impedance monitoring to be
adopted, a general understanding of how the coil impedance
spectrum evolves in various environmental conditions must
be provided. Hence, this paper will present results from an
experiment that illustrates the evolution of the impedance
spectrum of an electromagnetic coil when exposed to an
acidic environment, showing regions within the frequency
spectrum that best correspond to the degradation, in order to
provide insight into insulation degradation and approaches to
its online measurement using coil impedance.

3. EXPERIMENTAL SETUP

This experiment is meant to test the capability of impedance
measurements as a diagnostic tool for an electromagnetic
coil. The coil used was hand-wound using AWG38 magnet
wire coated with a polyester-imide based enamel. The con-
ductor diameter was ~ 180 pm and the insulation was ~ 7.5
pm thick.

A sulfuric acid solution was used to accelerate the degrada-
tion. This decision followed the exposure of different pieces
of the magnet wire to various compounds in order to find a
degrading agent that operated on a time scale slow enough

to measure changes in the impedance spectrum, but quick
enough to degrade the insulation and demonstrate the efficacy
of the impedance spectrum. A 50% distilled water-50% sul-
furic acid (98% concentrated) solution degraded portions of
the insulation within approximately a week and was chosen
to serve as the degrading agent for the experiment.

The sulfuric acid solution was dripped onto the electromag-
netic coil using a glass dropper, and each application was at
the same location. During this process, the coil was con-
nected to an Agilent E90O80A LCR (inductance-capacitance-
resistance) meter, which is capable of taking impedance mea-
surements at frequencies ranging from 20Hz to 2MHz. The
connection was made using the Agilent 16047E four-terminal
fixture. The LCR meter was controlled externally using Lab-
VIEW, programmed to measure impedance at 501 distinct
frequencies over the entire operational range of the LCR me-
ter, equally spaced in the base-10 logarithmic domain, with
an RMS voltage of 500mV. The measurement time varied
according to the frequency from 220-480 ms. At each fre-
quency, 6 impedance measurements were taken sequentially
and averaged to produce one final output measurement. Fig-
ure 1 shows the hand-wound coil, the connection between the
coil and the LCR meter, and the location where the sulfuric
acid solution was applied to the coil.

¢

Figure 1. Test and measurement setup for acidic degradation
experiment

The degradation impedance data can be represented as:

t=1[to t1 - tr]
Z (to, f1)  Z(t1, f1) Z (tr, f1)
B Z (to, f2)  Z(t1, f2) Z (tr, fa) W
Z (to.a In) Z (tl.v In) zZ (tT.v In)

In this experiment, N = 501 (f50; = 2MHz) and T" = 813
(tg13 =~ 143 hours). Some analysis methods are discussed in
the next section.
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4. ANALYSIS METHODS

The windings of an electromagnetic coil have a distributed
capacitance associated with the insulation on the magnet wire
(Massarini & Kazimierczuk, 1997; Grandi et al., 1999). Fur-
ther, the insulation has a conductance associated with the
material and any contaminants in the material (Younsi et
al., 2010). The insulation capacitance and resistance will
be captured in the measurement of coil impedance. Electri-
cal impedance is a generalization of the opposition to cur-
rent and is measured in Ohms (€2). It is complex-valued
and dependent upon frequency (w), and can be expressed as:
Z(w) = R(w) + jX (w), where j = y/—1 is the imagi-
nary unit. The real part is called “resistance” and the imag-
inary part is called “reactance”. Resistance is the opposi-
tion to electrical current, and reactance is the opposition to
a change in voltage or current due to capacitive or inductive
behavior. The impedance of an ideal resistor is purely real
(R), while the impedance of an ideal inductor (jwL) or ca-
pacitor (( ij’)fl) is purely imaginary. Positive reactance
is referred to as “inductive reactance”, while negative reac-
tance is referred to as “capacitive reactance”. The resonance
of an electrical circuit is the frequency, w,, at which induc-

tive reactance is exactly balanced by capacitive reactance, i.e.,
X1 (wp) + Xo (wr) =0.

When searching for a health indicator to be used in a diagnos-
tic 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 correla-
tion coefficient is a non-parametric 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 first transformed into rankings. For a dataset of size n
and where each point is distinct and non-repeated, the Spear-
man rank correlation coefficient is calculated as:

6 n )
=1 o @
1=1

In this computation, the raw samples, X;,Y;, are converted
into ranks z;,y; and d; = x; — y; 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
ascending order of the values. The Spearman correlation co-
efficient ranges from +1 to —1 such that when p = +1 (—1),
each of the variables is a perfect monotone increasing (de-
creasing) function of the other. The Spearman correlation
coefficient can be used to measure linear or nonlinear mono-
tonic relationships between two variables (Gautheir, 2001).
The measure is more general than the Pearson correlation co-
efficient, which measures only linear dependence, whereas
the Spearman correlation coefficient is invariant under mono-

tonic transforms of the variables (Ekstrom, 2011). Further,
the Spearman rank correlation coefficient does not operate
under an assumption of normality in the variables. An exam-
ple illustrating the Spearman correlation coefficient and the
Pearson correlation coefficient is shown in Figure 2. For the
example shown, assuming the variable y was indicative of
system or component health, using the Spearman rank corre-
lation coefficient provides a stronger indication that the fea-
ture indicated by the variable x, could serve as a health indi-
cator.
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Figure 2. Pearson and Spearman correlation analysis for a
nonlinear function y = exp (—z/10) + 3 exp (—x).

5. EXPERIMENTAL RESULTS

The time evolution of the impedance spectrum response to
the sulfuric acid solution is shown in Figure 3. The appli-
cation of the sulfuric acid solution caused an initial shift in
the impedance spectrum that is likely due only to the pres-
ence of water and sulfuric acid (both of which have a higher
permittivity than air) between the magnet wire turn-to-turn
insulation, rather than true degradation of the magnet wire
insulation. In the lower frequency portion of the resistance
spectrum, there are several lines that appear to be outliers.
These are sequential measurements (taken at ~ 100 hours)
and the result of incorrect connection of the coil magnet wire
to the LCR meter. After the connection was corrected, the
measurements resumed as expected. As the magnet wire in-
sulation degraded, the resonant frequency shifted lower, and
the resonant magnitude also decreased.

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 Spear-
man correlation coefficient for all frequencies, separated for
resistance and reactance, was calculated using the measure-
ments at each frequency as a time series and then correlating
these data with the time vector. Thus, the impedance at each
frequency is assessed as a potential health indicator indepen-
dently of the other frequencies. The noted outliers in the data
were excluded from the correlation analysis.
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Figure 3. Evolution of the impedance spectrum due to sulfu-
ric acid degradation over the total experiment time of ~ 143
hours. The “Time increasing” arrow denotes the temporal
progression of the impedance spectra (i.e., the first spectrum
is the right-most curve).
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Figure 4. Spearman correlation coefficient computed accord-
ing to Eq. 2 using the time series of impedance at each fre-
quency and the overall time vector as variables (i.e., the time
vector and each row of the impedance time-frequency matrix
in Eq. 1). The erroneous data mentioned previously was not
included in the correlation analysis.

Figure 4 shows the correlations of all frequencies with the
total exposure time. The frequencies with highest correla-
tions must be further investigated to understand the trends and
find features to use for diagnostics and prognostics. However,
some preliminary observations can be made. First, the resis-
tance values at low frequencies show essentially no correla-
tion with the exposure time, which implies that monitoring
DC resistance would provide little indication of the develop-
ing faults in the insulation. Second, the entirety of capacitive
reactance beyond ~ 40 kHz is positively correlated with the
exposure time. The resistance and reactance trends for some
of the higher correlated frequencies are shown in Figures 5
and 6. The Spearman correlation coefficients for each fre-
quency are shown in the figures. In the reactance figures,
the mathematical expressions of inductive and capacitive re-
actance are shown. From these equations, it can be seen that

the coil capacitance and the coil inductance increase for the
frequencies shown.
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Figure 5. Resistance time series resulting from acidic degra-
dation at (clockwise from upper left to lower left): 6.2 kHz;
1.8 MHz; 95.7 kHz; 93.5 kHz.

In the two lower plots for resistance in Figure 5, there is an
initial steep increase, followed by a gradual decrease. This
decrease continues for the remainder of the life of the insula-
tion, though the rate of decrease slows. The two upper plots
in Figure 6, shows that the coil capacitance increases over the
degradation period. In both Figures 5 and 6, it can be ob-
served that a significant jump in impedance occurred at ~ 50
hour. The reason for this jump is hypothesized to be the ex-
posure of a section of the magnet wire conductor, making the
dielectric at this point purely the sulfuric acid solution, hence
the jump in the capacitance, but slight decrease in resistance
(due to conductivity of the solution).
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Figure 6. Reactance time series resulting from acidic degra-
dation at (clockwise from upper left to lower left): 186.7 kHz;
191.0 kHz; 4.7 kHz; 23.0 kHz.



ANNUAL CONFERENCE OF THE PROGNOSTICS AND HEALTH MANAGEMENT SOCIETY 2016

6. DISCUSSION

Consider the progression of the aging at frequencies just be-
low (93-95 kHz) and just above (186-191 kHz) the origi-
nal resonant impedance of the coil (which was at ~ 112.5
kHz). At these frequencies, the degradation plots can ap-
proximately follow an exponential relationship (excluding the
jump at = 50 hr), which is expected with a first-order chem-
ical rate phenomenon (Dakin, 1948). However, a better fit is
provided with a sum of exponentials: one function prior to,
and one function after, the hypothesized short formation at
~ 50 hours, as shown in Figure 7.
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Figure 7. Data and sum of exponential functions fit for re-
sistance at f = 93.5 kHz (fit with functions R; and R,) and
reactance at f = 186.6 kHz (fit with functions X; and X5).

A sum of exponentials function is used to model the growth
of a final product in set of three sequential first-order chem-
ical reactions (i.e., [A] — [B] — [C], where [A] represents
the concentration of chemical constituent A) (House, 2007,
pp- 47-52). The curve fits shown in Figure 7 can thus be hy-
pothesized to be a proxy measurement of the concentration
of a product of two reactions (each a set of three sequential
first-order reactions): one dominant until & 50 hours and the
other dominant beyond ~ 50 hours. For region 1 (¢ < 50.8):

Ry (t) = 4461.3¢= 2281t 1 447 1¢70:021
X (t) = —3984.4¢ %737 _ 608.6¢ 0017 3)

For region 2 (¢ > 50.8):

Ry (t) = 2.8402 (109) e 0342t | 149 10005
X, (t) = —6.7140 (10'1) ¢~0435¢ _ 198 170003t (4

In each region the exponential decay terms are approximately
equal for the resistance and reactance curves. From this anal-
ysis, it is reasonable to hypothesize that each region corre-
sponds to a particular reaction involving three sequential first-
order chemical reactions. The first region corresponds to the
chemical degradation of the insulation from exposure to the

sulfuric acid solution; the second region corresponds to the
copper wire reacting with the sulfuric acid solution.

It is clear then that the impedance measurements at some fre-
quencies reflect physical/chemical changes in the insulation
that are occurring over the course of the experiment. Note that
the capacitance changed by almost two orders of magnitude
at frequencies just above resonant impedance (186-191kHz).
Even before the jump in capacitance at ~ 50 hr, the capaci-
tance changed by about a factor of 10. This raises the ques-
tion of the proper threshold for replacement of the coil. The
threshold must be chosen such that useful life of the insula-
tion is maximized, while prompting coil replacement prior to
insulation failure in order to prevent catastrophic damage to
the system in which the coil is used.

Perisse et al. (Perisse et al., 2009) suggested a criterion based
on the resonant frequency, whereby the coil should be re-
placed when the resonant frequency dropped below 95% of
the impedance resonant frequency. However, the resonant
frequency for the coil in this experiment decreased by almost
72% before the formation of the first short. This informa-
tion shows that the resonant impedance could shift by a much
larger extent before the insulation fails. Thus, blindly replac-
ing the coil after a 5% decrease in the resonant frequency
would result in premature replacement of the coil and loss of
useful insulation life. Electromagnetic coil insulation diag-
nostics and prognostics must then (at the very least) take in
account both the degradation mechanism (in this case expo-
sure to a corrosive substance) and the insulation material in
order to truly assess the remaining useful life of the coil.

7. CONCLUSION

Insulation has been shown to be a major contributor to the
failure of electromagnetic coils, especially those used in
solenoid-operated valves (SOVs) and motors. Though there
have been several attempts to develop methods for online in-
sulation diagnostic and prognostic monitoring, the proposed
methods have not adequately addressed the problem.

The ability of impedance from a low-level AC signal to de-
tect degradation in electromagnetic coil insulation has been
demonstrated in this paper. Using the Spearman correla-
tion coefficient, the impedance spectrum, Z (f), was probed
for frequencies that provide health information. In the
presented experiment, there are frequencies at which the
impedance changed very little, and frequencies at which the
impedance changed dramatically. The time series of re-
sistance (R{Z (f)}) at f = 93.5 kHz and the reactance
(S{Z (f)}) at f = 186.6 kHz were modeled using sum of
exponentials functions. Separating the functions into two re-
gions, prior to the formation of the short (¢ < 50.8) and after
the formation of the short (¢ > 50.8), the exponential decay
terms were similar (as shown in Eqns. 3 and 4), leading to the
conclusion that these frequencies reflected chemical reactions
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occurring in the coil. Therefore, further diagnostic and prog-
nostic efforts that use impedance measurements should focus
on the relationship between the changing electrical properties
of the insulation and the changing chemical properties of the
insulation. Depending upon the application, the evolution of
the mechanical properties of the insulation may also need to
be tied to the electrical and chemical properties.

This research supports the goal of developing a diagnostic
and prognostic model that can assist in condition-based main-
tenance and failure prevention of electromagnetic coils using
knowledge of insulating materials and a baseline impedance
spectrum. Further work is being pursued to understand the
failure thresholds for different insulation materials when sub-
jected to differing environmental conditions.
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