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Abstract: Detecting and locating local degradations at an incipient stage is very important for mission-
critical high-voltage rotating machines. One particular challenge in the existing testing techniques
is that the characteristic of a local incipient defect is not prominent due to various factors such as
averaging with the healthy remainder, attenuation in signal propagation, interference, and varied
operating conditions. This paper proposes and investigates the frequency domain reflectometry (FDR)
technique based on the scattering parameter measurement. The FDR result presents the object length,
wave impedance, and reflections due to impedance discontinuity along the measured windings.
Experiments were performed on two commercial coils with artificially created defects. These defects
include turn-to-turn short, surface creepage, loose coils, insufficient end-winding spacing, and local
overheating, which are commonly seen in practice. Two practical water pumps in the field were also
selected for investigation. The study outcome shows that FDR can identify and locate structural and
insulation degradation in both shielded and unshielded objects with good sensitivity. This makes
FDR a complementary technique for machine fault diagnosis and aging assessment.

Keywords: condition-based diagnosis; fault locating; frequency domain reflectometry (FDR); insula-
tion degradation; rotating machines; stator winding

1. Introduction

High-voltage induction motors are mission–critical assets in power plants and heavy
industrial companies. Failures in these motors can lead to revenue loss, production dis-
ruption, and even catastrophic effects on the motors and their surroundings [1,2]. Careful
monitoring of excessive thermal, electrical, ambient, and mechanical (TEAM) stresses
present on rotating machines over the entire service life is therefore important. It helps to
reduce unexpected failure risks and replacement costs. It is of particular interest to identify
the degradation at an early stage so that preventive actions can be taken. According to
statistics [3], stator winding problems account for approximately two-thirds of high–power
motor failures. Although many techniques and commercial instruments are available for
machine condition assessment [4], asset owners still face unexpected failures because it
is impractical to adopt many testing techniques in routine maintenance activities due to
limited resources and outage times. Moreover, not all machine failure mechanisms are
known and can be monitored.

The most widely used testing techniques for insulation condition diagnosis are dielec-
tric response and partial discharge (PD) testing. The dielectric response testing techniques
include the insulation resistance (IR) [5], power factor/dissipation factor (PF/DF), and
power factor tip-up [6,7]. A high-voltage motor fleet in a nuclear power plant was measured
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with these testing techniques, and the results are summarized in Table 1. The variation of
the measurement results is remarkable as they are affected by a number of factors, such as
the insulating material, stress control material, design, surface condition, moisture, temper-
ature, test voltage, etc. The interpretation is difficult if the machine design and historical
data are unavailable. The IEEE-43 standard recommends a minimum insulation resistance
value of 100 MΩ at 40 ◦C for machines with form wound coils. The IEEE-62 standard states
that high-power-factor tip-up results do not necessarily indicate deteriorated winding
insulation, and the manufacturer should be consulted for results interpretation. The polar-
ization/depolarization current (PDC) and dielectric frequency response (DFR) techniques
are more advanced testing techniques [8]. These methods provide more sophisticated
information so that the impacts of various factors can be evaluated. However, after thermal
aging is initiated, the DFR and PDC results might indicate that the insulation condition
is improved, and this trend covers a significant amount of the service life [9,10]. This is
because the insulation system of the new winding is usually not fully cured but gradually
cures during operation, which is known as the post-curing phenomenon. On the other
hand, David [11] found that the difference between aged and unaged winding without
a stress control material was almost negligible. As a result, aging evaluation based on
the DFR and PDC results is still challenging. Moreover, the dielectric response methods
represent the average winding insulation condition. The healthy remainder could dwarf
the characteristic of local degradation at the early stage.

Table 1. Dielectric response and PD measurement results of a motor fleet in a nuclear power plant.

No. Power
Rating (kW) IR (GΩ) tanδ (%) 1∆tanδ (%) 2 PD (pC)

1 400 0.42 8.00 6.43 3760
2 400 4.50 6.49 6.80 1780
3 400 1.20 6.19 7.25 1000
4 315 0.012 13.08 1.64 630
5 315 0.049 13.95 1.13 460
6 315 0.041 18.78 1.52 820
7 3200 32 0.90 1.69 680
8 3200 45 0.85 1.29 5140
9 3200 7.1 2.23 1.54 15,900
10 4500 11 1.41 0.31 3820
11 4500 9.4 1.35 0.34 5350
12 4500 9.9 1.42 0.39 4120
13 300 34 0.76 12.92 15,800
14 300 49 0.67 1.72 9650

1 Difference in the power factor results measured at 20% and 80% of the rated phase voltage. 2 Measured at the
rated phase voltage 6.6 kV for three phases.

Partial discharge (PD) testing is a valuable tool for both global and local winding
insulation degradation assessment [12]. Several limitations are encountered in practice:
firstly, it is challenging to make conclusions from a single measurement as motors made by
different manufacturers exhibit dramatically different PD activities, as suggested by Table 1.
Secondly, PD signals are subject to propagation attenuation and distortion due to the capaci-
tive and inductive coupling. The consequence is that only discharges close to the measuring
terminal can be observed [13]. A stator slot coupler (SSC) installed under the slot wedge
solves this problem and provides the PD source location information [14]. However, the
installation cost is high, and the sensors may reduce the operation safety. Thirdly, low-cost
online PD monitoring systems can easily be disturbed by external interferences, especially
noise from variable speed drives [15].

The offline testing technique, sweep frequency response analysis (SFRA), has been
successful in transformer winding mechanical condition evaluation [16]. However, its
application for motor diagnosis is rarely seen in practice. Figure 1 shows an example
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of SFRA testing results on a motor. The inductive property dominates most of the mea-
surement frequency range. Extending the upper-frequency limit is required for winding
deformation assessment. However, it is not feasible as the measuring technique in the
radio frequency range is fundamentally different. Vibration and motor current signature
analysis (MCSA) are two widespread mechanical condition monitoring techniques [17].
However, the machine design, sensor installation, and operating conditions (e.g., motor
slip) also have a significant impact on the measurement results [18,19]. False indications,
low sensitivity, and difficulty in fault interpretation are often encountered.

Figure 1. SFRA results of a motor.

Time domain reflectometry (TDR), line resonance analysis (LIRA), and frequency
domain reflectometry (FDR) are three testing techniques in the radio frequency range.
The TDR method works on the same principle as radar. A voltage pulse with an adjustable
width is injected into the cable. When the pulse encounters a discontinuity spot along the
cable or reaches the end, the reflection is introduced and measured by the instrument. There
are two voltage generator types in TDR instruments, i.e., the step and impulse voltage
generators. The step generator outputs a voltage step with a magnitude less than 20 V
and a fast voltage rise time in the range of picoseconds. Such TDR instruments are usually
used in the laboratory. For field testing, most TDR instruments use an impulse voltage
generator so that the magnitude can be increased up to more than 100 V. A higher output
voltage improves the signal-to-noise ratio and extends the measurement distance. There is
a long history of using TDR for cable fault pre-locating but rarely for condition diagnosis.
The research work of the Pacific Northwest National Laboratory describes that the TDR
method is relatively insensitive to subtle changes in insulation properties (thermal and
radiation aging, water trees, cuts, and cracking), and it is challenging to obtain clean signals
with a high signal-to-noise ratio [20]. The reason is analyzed in Section 2.

The use of the FDR technique for cable fault location and aging assessment is relatively
new, starting around 2004 in the Halden Reactor Project [21]. The LIRA instrument was
patented and commercialized by Wirescan AS in Norway. It performs a frequency sweep
in the range of 100 kHz–100 MHz and measures the line input impedance at the testing
terminal. The CHAR system is manufactured by the Analysis and Measurement Service
(AMS) in the US. It performs a frequency sweep in the range of 9 kHz–4.5 GHz and measures
the magnitude and phase of the reflected voltage at the testing terminal. The measured
data are then transformed into the time domain, and the TDR-like traces are obtained for
further analysis. Although the results obtained from FDR testing offer a similar outlook
to TDR, this method has higher accuracy and better sensitivity than the TDR method for
subtle mechanical and insulation condition change detection.
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It is known that no single testing technique can detect all defects in various machine
types. The confidence of the corrective action improves if an abnormality can be verified
by two or more techniques. This work aims to study whether the non-destructive, non-
intrusive, and easy-to-perform FDR technique can be used as an complementary winding
condition evaluation technique. Experiments were performed on two coils of a type found
in commercial 10 kV motors, with artificially-made defects that are similar to those practical
defects. The core slot was simulated using conductive copper tape, so the coils had much
lower inductance than practical windings. Two water pumps in a nuclear plant were also
selected for the investigation of the inductance impact.

2. Theory and Modeling
2.1. Coils for the Experiment

The structure of the stator winding coil rated at 6.6 kV is shown in Figure 2. There are
six turns in total, and each turn consists of two copper strands. The overall length consists
of two sections, the straight and overhang (end-winding) sections. Covering half of the coil,
the straight section (wrapped by ECP and SCP) has a length of 1.4 m. The two overhang
sections beside it amount to 1.0 m. The total coil length is 28.8 m, and the straight section
length adds up to 16.8 m.

Figure 2. Structure and dimension overview of the stator coil under investigation—left: cross-section
of the coil cut, right: coil geometry and dimension.

Most of the straight section is placed in the stator core slot; this part is wrapped with
the conductive tape for slot corona protection (SCP). A stress-grading coating known as
end corona protection (ECP), made from the nonlinear conduction of silicon carbide grains,
is wrapped around the slot exit area. ECP reduces the local surface stress to prevent surface
discharge around the slot exit area. The conductivity is negligible when the applied voltage
is low but increases exponentially when the voltage approaches the nominal value [22].
With a high test voltage, the impact of ECP sometimes dominates the dielectric response
and partial discharge activity, which makes the results interpretation difficult [23]. As the
FDR testing uses a low voltage signal, the impact of ECP is not significant.

2.2. TDR vs. FDR

The premium TDR instruments for field testing can output a voltage pulse with
an adjustable width from 20 ns to 10 µs and magnitude up to 150 V (e.g., Teleflex VX
manufactured by Megger). The spectra of two rectangular pulses with a pulse width of
20 ns and 10 µs, respectively, are shown in Figure 3. The voltage pulse with a larger pulse
width contains more energy and travels further, but the spatial resolution decreases. As it
takes a certain amount of time to launch the TDR pulse, there is a blind spot near the test
terminal with a length from several meters to several hundred meters, depending on the
pulse width [24], which is not suitable for measuring short objects.

The FDR measurement is based on the vector network analyzer (VNA) technology.
The instrument injects a series of sinusoidal voltages in a broad frequency range into
the test object. The scattering parameter S11 is measured, which is defined as the ratio
of the reflected voltage and incident voltage. Then, the data in the frequency domain
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are transformed into the time domain to form a TDR-like display, as shown in Figure 4.
The transformation can be achieved by the fast Fourier transformation (FFT) or chirp–Z
algorithm [25,26]. Some commercial VNAs (e.g., Keysight M9800A) are integrated with
the time domain analysis function, which performs the transformation automatically after
the S11 data are obtained. The TDR-like display provides a more intuitive representation
of the discontinuities in the test object. The distance is calculated by multiplying the time
(x-axis after transformation) by half of the wave propagation speed. The FDR resolution
and range are given by the following equations [27]:

Resolution(m) = 1.5× 108 ·
vp

4 f
(1)

Range(m) = N · Resolution (2)

where vp is the propagation speed for the test object (expressed as a faction of the light speed
c),4 f is the bandwidth of the measurement, and N is the number of data points acquired.

Figure 3. The spectra of the output signals: FDR frequency sweep signal with a magnitude of 1
V; two rectangular TDR pulses with the magnitude of 150 V, and pulse widths of 20 ns and 10 µs,
respectively.

(a) (b)

Figure 4. Illustration of the reflected signal: (a) frequency domain—voltage magnitude (or phase) vs.
frequency, (b) time domain—magnitude vs. distance.

Compared with TDR, the FDR technique has three major advantages. Firstly, the sweep
frequency approach significantly increases the output energy, thus reducing the impact
of propagation attenuation. Secondly, the measurement circuit with band–pass filters
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improves the signal-to-noise ratio [28] to achieve a much higher dynamic range. Thirdly,
the spatial resolution can reach around 10 cm if the 1 GHz bandwidth is used. These ad-
vantages give FDR sufficient sensitivity in detecting and locating subtle condition changes.

2.3. Transmission Line Model

In the RF frequency range, the wavelength of the injected signal is comparable with
or shorter than the physical size of the test object. Thus, the transmission line model with
distributed circuit elements has to be used for results analysis. The transmission line model
of the winding coil is illustrated in Figure 5. Each section of four elements ∆R, ∆L, ∆C,
and ∆G represents an infinitesimally short length of the shielded or unshielded section,
which is then cascaded to the actual length. The circuit elements of the shielded and
unshielded sections are different. This leads to the periodic change of the wave propagation
mode along the coil.

Figure 5. Transmission line model of the winding coil: (a) equivalent geometry, (b) lumped circuit
elements.

The per-unit length inductance and capacitance of a coaxial line are given by [29]:

∆L1 =
µ1

2π
ln

b
a

(3)

∆C1 = 2πε1 ln
b
a

(4)

where a is the inner conductor radius, b is the outer insulation radius, and ε1 and
µ1 are the permittivity and permeability of the surrounding materials, respectively.
Equations (3) and (4) can only be referred to as rough approximations of the actual coil
model because two factors are not taken into account. Firstly, each coil turn partially
and asymmetrically fills the space between shields, which leads to a complicated wave
propagation mode [30]. Secondly, the capacitive coupling between coil turns (turn-to-turn
capacitance) is not included in the model.

The unshielded sections have weak coupling with the shield/ground and can be
approximated by the wire over a ground plane model. The per-unit length inductance and
capacitance are given by [31]:

∆L2 =
µ2

2π
ln(

2h
a
) (5)

∆C2 =
2πε2

ln( 2h
a )

(6)
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where µ0 is the vacuum permeability, h is the height of the conductor to the ground plane,
and ε

′
2 ≈ ε0 is the average permittivity of the mica paper and air mixture.

Neglecting the insulation loss (∆G), the characteristic impedances of the motor coil
can be written as:

Z1 =

√
∆L1

∆C1
(7)

Z2 =

√
∆L2

∆C2
(8)

The wave propagation speeds are given by:

v1 =
1√

∆L1∆C1
=

1
√

µ1ε1
(9)

v2 =
1√

∆L2∆C2
=

1
√

µ2ε2
(10)

The wave propagation speed in the shielded sections is proportional to 1/
√

ε1 of the
light speed in free space. The propagation speed in the unshielded sections with mainly air
in the surroundings is close to the free-space light speed [32].

The time and magnitude are obtained after the transformation of the frequency domain
data. Multiplying the time by half of the propagation speed changes the time into distance.
The relationship between the magnitude (RHO) and wave impedance can be expressed
by Equation (11). The reflection is equal to +1 when the test terminal is open (infinite
impedance), −1 when the test terminal is short (zero impedance), and 0 if the test object
impedance perfectly matches the instrument and its test leads (50 Ω).

RHO(x) =
Zeq(x)− 50 Ω
Zeq(x) + 50 Ω

(11)

There are three typical ways to present the FDR results. The first is the step response,
as expressed by Equation (11). It represents the wave impedance information, which is
determined by the local mechanical and insulation properties. The second format is the
impulse response, i.e., the derivative of the step response, which emphasizes the location
where the wave impedance change happens. The impulse response is similar to those
TDR results where a voltage pulse is used. The third format is the impulse response in
logarithmic scale, which can better represent the characteristic with a small magnitude.

2.4. Experimental Setups

The instrument used in this project is the CHAR system manufactured by the Analy-
sis and Measurement Corporation (AMS), as shown in Figure 6. The high–performance
Keysight M9800A VNA module is the key hardware for the S11 measurement. The Win-
Charm V4.1 software automatically performs the transformation and presents the TDR-like
results after the measurement. The frequency range of M9800A is 9 kHz to 4.5 GHz, and the
typical system dynamic range reaches 140 dB. The dynamic range is defined as the source
maximum output power minus the receiver noise floor. It is an important parameter as
signals lower than the noise floor cannot be measured by the VNA. The higher dynamic
range improves the measurement sensitivity and accuracy, which is suitable for unshielded
object testing.
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Figure 6. AMS CHAR system hardware and software.

The experimental setup for the stator winding coils is shown in Figure 7. The straight
sections were wrapped with the copper tape and grounded. The shielded and unshielded
lengths for each turn were 2.6 m and 2.2 m, respectively. The test signal was injected
into one of the coil terminals via a coaxial cable. The FDR instrument ground, coaxial
cable shield, and the copper tape shared the same ground. The software had a calibration
function to reduce the impact of the test lead. By performing a test with the test object
unconnected and test clips shorted, the test lead length was recorded and automatically
compensated for the successive measurements.

Figure 7. Cont.
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Figure 7. FDR measurement setup for the stator coils: (a) connection diagram, (b) schematic diagram.

Five typical faults that are commonly seen in practice [33] were artificially-created in
the coils:

• End-winding discharge caused by main insulation damage, physically located at 2.4 m
from the near end terminal;

• Turn-to-turn short between the first and second turns, physically located at 2.4 m (first
turn) and 7.2 m (second turn) from the the near end terminal;

• Loose coil, simulated by loosening copper shield by 20 cm, physically located at 4.5 m
from the near end terminal;

• Local overheating at 3.5 m from the near end terminal;
• Tracking between coils at the winding-end section, between the remote end terminal

of the first coil and the overhang section of the second coil.

The end-winding discharge usually happens at the core exit area due to the ECP
problem. The spot adjacent to the shield (2.4 m from the near end terminal) was selected as
the discharge location. The insulation coating of the first turn was scratched to simulate the
fault. For the short turn-to-turn fault, the spot below the damaged insulation of the first
turn was selected. Overheating is more likely to happen within the slot, so the spot 3.5 m
from the near end terminal was selected, as shown in Figure 8. A low resistive path from the
conductor to the shield was created for the end-winding discharge and tracking between
coil faults. For the shorted turn-to-turn fault, two adjacent coil turns were connected by a
thin wire.

Figure 8. Artificially-made winding coil degradations.

The distributed elements ∆L1, ∆L2, and ∆C2 of practical machines are not identical to
the individual coils due to the existence of the stator core and shell. The core permeability
is much higher than that of air at power frequency but decays to a low level in the radio
frequency range [34]. The overhang sections are also shielded by the machine shell. Two
water pumps of the same type in a nuclear power plant were also tested during the outage.



Machines 2023, 11, 883 10 of 19

These pumps were manufactured by Safonovo Russia in 2002. The voltage rating was 6 kV,
and the power rating was 250 kW. The pumps were aged but passed all routine testings.
The test clips were connected to the phase terminal and shell ground from the terminal
board, as suggested in Figure 9. Either phase terminal could be selected, with the other
open (floating) or short to ground.

Figure 9. Schematic diagram of motor FDR testing in the field.

3. Results
3.1. FDR Results of Good Coils

The coil in good condition was measured by the CHAR system as the first step. The
voltage was injected to the near end terminal, with the far end terminal open and shorted to
ground (shield), respectively. The time–magnitude results are shown as the step response
in Figure 10 and the impulse response in Figure 11. The traces with the far end terminal
open and short, respectively, start to diverge after 161 ns, which indicates the location of
the remote end. The deviation can be observed clearly from the traces of the step response
and impulse response with the logarithm scale y-axis. The impulse response with the linear
scale y-axis needs to be magnified significantly before the differences can be observed.
As a result, the step response and impulse response in the logarithm scale are selected for
results presentation.

Figure 10. Step response of the coil in good condition—blue trace: remote end open, red trace: remote
end short.
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(a) (b)

Figure 11. Impulse response of the coil in good condition: (a) y-axis in linear scale, (b) y-axis in
logarithm scale.

Given the designed coil conductor length of 28.8 m and the shielded section length
of 15.6 m, the reflection at 161 ns indicates that the wave propagates with an average
speed of 179 m/µs. If the propagation speed in the unshielded section is assumed to be
equal to the free-space light speed, then the propagation speed in the shielded section
would be 133 m/µs. This implies that the relative permittivity of the epoxy–mica insulation
εr is around 5, which is a reasonable value. Multiplying the x-axis data (time) with the
average propagation speed (179 m/µs) changes the x-axis into distance starting from the
test terminal.

The frequency bandwidth has a significant impact on the measurement results [35].
The test frequency range of the M9800A VNA module is 9 kHz–4.5 GHz. The ideal
transformation requires precise frequency domain measurement performed from DC to +∞.
Applying a higher upper frequency limit improves the spatial resolution, i.e., the sensitivity
of identifying minor discontinuities, but the magnitude of the reflected voltage is more
attenuated. After the reflected voltage drops below the noise floor, the discontinuity cannot
be detected anymore, and a transformation error might occur. Figure 12 shows the time–
transformed results using four frequency bands. The step response traces become almost
identical after the upper frequency limit reaches 90 MHz. The 9 kHz–90 MHz impulse
response trace has a similar trend to the traces of a broader bandwidth. However, minor
variations are not observable. The 9 kHz–450 MHz trace provides the same details as the
9 kHz–1 GHz while exhibiting less attenuation, so the 9 kHz–450 MHz frequency band
was selected for the subsequent experiments.
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(a) (b)

Figure 12. Impact of the test frequency band on the FDR results (the x-axis is changed to distance by
multiplying the propagation speed): (a) step response, (b) impulse response in logarithm scale.

3.2. Coil Fault Study

End-winding discharge can happen due to ECP degradation, insulation aging, or con-
tamination. A low resistive path from the coil conductor to shield was created at the
location approximately 2.4 m from the near end terminal. FDR measurements were then
performed at the near end and remote end terminal, respectively, and the results are shown
in Figure 13. The step and impulse responses of the near end measurement show that
the fault distance is 2.6 m from the near end terminal. For the remote end measurement,
the most remarkable deviation in the impulse response starts at 25 m (equivalent to 3.8 m for
the near end measurement). This characteristic is more prominent when the measurement
is performed at the near end terminal, which is closer to the fault location.

(a) (b)

Figure 13. FDR results of the coil with the end-winding discharge fault, measured at the near end
and remote end terminal, respectively: (a) step response, (b) impulse response in logarithm scale.
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Stresses due to transient overvoltage in the supply are a factor that contributes to
turn-to-turn short failure over time [36]. The first and second coil turns were shorted at
2.4 m and 7.2 m, respectively. The corresponding FDR results are shown in Figure 14.
The existence of the fault can be clearly observed from both the near end and remote end
measurement results. The response has an obvious drop in magnitude at the fault location,
and the apparent coil length is reduced. Although the deviation in the step response trace
of the remote end measurement begins at around 17 m, the trend deviation starts at 21 m,
which is very close to the actual value. The impulse response shows an obvious deviation
at 19.5 m.

(a) (b)

Figure 14. FDR results of the coil with the short turn-to-turn fault, measured at the near end and
remote end terminal, respectively: (a) step response, (b) impulse response in logarithm scale.

The loose slot wedge and SCP coating abrasion can happen due to machine vibration.
This fault was simulated by loosening the copper tape in a 20 cm section, starting from the
location of 4.5 m. In such a fault condition, the distributed capacitance reduces, so the wave
impedance increases. As suggested by the results shown in Figure 15, the step response
magnitude increases at the fault location. The impulse response exhibits some mild changes
at the fault location, but the apparent coil length becomes shorter as the propagation speed
increases.

(a) (b)

Figure 15. FDR results of the coil with the loose slot wedge defect: (a) step response, (b) impulse
response in logarithm scale.
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Local overheating thermally stresses the winding insulation, contributing to main
insulation delamination. A small segment in the shielded section was heated by burning.
The IR results before and after overheating changed from 187.3 GΩ to 127.8 GΩ. The
insulation resistance of this coil is quite high as it does not have the ECP coating (the coil
with ECP had been damaged for the previous fault experiment). The resistance change
might be negligible if the ECP coating (a small parallel resistor) would be present. A
periodic oscillation pattern is observed from the impulse response trace as shown in
Figure 16 because there are six overheated spots. The apparent coil length remains constant,
and the change in the step response is minor.

(a) (b)

Figure 16. FDR results of the coil with the local overheating defect: (a) step response, (b) impulse
response in logarithm scale.

Tracking between coils can happen due to insufficient spacing between end windings
and/or contamination. In the experiment, two coils were connected in series, and a low
resistive path was created between two overhang sections of each coil. Figure 17 indicates
that the fault changed both the step and impulse responses at the tracking spot.

(a) (b)

Figure 17. FDR results of two coils in series with the tracking fault: (a) step response, (b) impulse
response in logarithm scale.
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3.3. Water Pump Investigation

Two water pumps were removed from service for maintenance. The distributed circuit
elements of practical machines are different from the individual coils because all the wind-
ing sections are shielded, and the core material has a higher permeability. These pumps had
been used in a harsh environment for around 20 years. FDR measurements were performed
on three phases, as illustrated in Figure 9. Results are shown in Figures 18 and 19. The total
conductor length of each phase was approximately 30 m. One more reflection peak was
observed from the pump results compared to the coils, which could be the core impact.

Despite the long service period of these pumps, the good agreement of the three–phase
results suggests that the health condition is good. Because it is very rare that the three
phases are all deteriorated to the same extent, this supports the decision to place these
pumps back in service. Connector-like reflections exist at the locations of 18 m for Phase B
of Motor #1 and 9 m for Phase C of Motor #2. Trending will be helpful for decision–making
after successive measurements are performed.

(a) (b)

Figure 18. Three–phase FDR results of pump #1: (a) step response, (b) impulse response in loga-
rithm scale.

(a) (b)

Figure 19. Three–phase FDR results of pump #2: (a) step response, (b) impulse response in loga-
rithm scale.
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4. Discussion

High–voltage rotating machines have a complex design in terms of structure and
material. A combination of different testing techniques for condition monitoring helps
to reduce the failure risk of high-voltage rotating machines. Machine fault locating is of
interest as faults in the resin-cured slots might be difficult to verify by visual inspection.
It is also useful in identifying the root causes of the deterioration. The FDR technique is
specialized in identifying and locating degradations by presenting the wave impedance
discontinuities along the measured object. This paper aimed to investigate whether the FDR
technique could be used as an effective complementary technique for machine condition
diagnosis. The technique is applicable for form–wound bars or windings but not for
random–wound machines.

Compared with TDR, FDR has the advantages of higher output energy, a broader
frequency bandwidth, and a very high dynamic range can be achieved. These advantages
make it ideal for testing short and/or unshielded objects. Using a higher upper frequency
limit is helpful in detecting minor condition changes, but higher–frequency components
suffer more propagation attenuation. If the reflected signal magnitude attenuates below the
noise floor, a transformation error might occur. In the experiment, four different frequency
bands were compared, and a suitable one (9 kHz–450 MHz) was selected.

Table 2 is a summary of the FDR testing results of the winding coils with various
defects. The diagnosis of the FDR results is based on the changes in the magnitude and
apparent coil length. The FDR has good sensitivity in identifying most defect types, except
the local overheating. The deviation caused by local overheating can be observed, but the
magnitude difference is not prominent. All the fault locations on a single coil are correctly
identified. The tracking between coils creates a high–resistance parallel branch in parallel
with the original circuit. The pattern starts to change from the location of 28.8 m, but the
difference before 37 m is too small to be treated as a defect.

Table 2. Winding coil FDR results summary.

Problems FDR Characteristic Fault Location
(Detected/Actual)

FDR
Sensitivity

End-winding discharge
A prominent drop in the

magnitude at the
fault location

2.6 m/2.4 m High

Turn-to-turn short

A prominent drop in the
magnitude at the fault

location; reduced
apparent length

2.6 m/2.4 m High

Loose slot wedge

Slight increase in the step
response magnitude at

the fault location;
reduced apparent length

4.2 m/4.5 m High/
Medium

Local overheating Periodic oscillation of the
impulse response trace 3.3 m/3.5 m Medium

Tracking between coils Obvious trace
pattern change 37 m/28.8 m High

FDR results interpretation is based on comparison. The comparison can be made
over time, using three phases, or between apparatus of a similar type. The complex coil
geometry, as shown in Figure 5, makes the precise transmission line model very difficult to
establish. The simplified model does not take the capacitive coupling between coil turns
into consideration. It is fortunate that the impact of the coupling does not cause problems in
identifying and locating the defects. The coupling will be further studied in the simulation
software (e.g., COMSOL Multiphysics 6.1).
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For an unshielded object with an unknown propagation speed, measurements with the
remote end terminal open and shorted, respectively, are recommended. It is also advisable
to perform the test on both terminals, as the characteristic is more prominent if the test
terminal is closer to the fault, and the locating accuracy also improves. The extensive
field testing results of cables and the experiment conducted in this project suggest that
the change in local inductance and/or capacitance causes a reflection most of the time.
However, in cases of high resistance defects, determining the fault type and its severity can
be tricky, especially when several reflections are presented along the object length. The FDR
testing and results interpretation need expertise, and more research is needed.

5. Conclusions

FDR testing performs a broadband frequency sweep, measures the scattering param-
eter S11, and then transforms the data into the time domain for analysis. Two winding
coils with artificially-created defects that are commonly seen in practice and two water
pumps in the field were investigated in this paper. The interpretation of the FDR results
was based on comparison. For the coils, the baseline was established when they were new.
The outcome shows that FDR has sufficient sensitivity in detecting and locating coil defects.
The magnitude, resonating characteristic, and/or the apparent coil length will change ac-
cording to the fault type and severity. For the field pumps without any available historical
data, the comparison between the three phases was performed. Good agreement between
the three phases supports the decision to put the pumps back into service. The simplified
transmission line model of the winding was proposed. It has some uncertainties that do
not affect the condition diagnosis so far. Although further investigations are required to
validate the effectiveness of FDR, adopting the technique as a complementary machine
diagnostic technique would be beneficial.
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