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Static Eccentricity Fault Diagnosis in a
Cylindrical Wound-Rotor Resolver
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Static eccentricity (SE) is an intrinsic fault existing in both faulty and newly made resolvers. The late diagnosis of SE
causes severe damages to mechanical parts of resolver such as bearings, cores, and even windings, in addition to wrong
position estimation. However, so far, fault diagnosis has not been investigated for any resolver. In this paper, SE fault
diagnosis is discussed for a sample wound-rotor (WR) cylindrical resolver. Time stepping finite element method (TSFEM)
is used to simulate the resolver, and its accuracy is validated by a comparison between the results of simulation and
experimental tests. Then, some fault indices are defined to diagnose the SE fault occurrence, and its magnitude is predicted
using Fast Fourier transform (FFT). Finally, to ensure that indices are unique, the performance of the studied resolver is
evaluated under other types of faults including Dynamic Eccentricity (DE) and Short-circuit (SC) that may
same indices.
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I. INTRODUCTION
High-performance control of inverter-driven electrical
machines needs to be aware of exact rotor position. Therefore,
researchers are encouraged to find the best position sensing
methods,
considering
their
required
accuracy,
cost-effectiveness, and reliability.
Resolvers are electromagnetic position sensors which have
prevailed over optical encoders. Although, encoders are the
most common, low price sensors [1, 2] their application in
harsh, polluted, vibrational environments is questioned [2-4]
Resolvers resemble two-phase high-frequency ac excited
generators and come in two major types of Wound Rotor (WR)
and Variable Reluctance (VR). The pros and cons of each type
are discussed in [2, 5]. According to [6], VR resolvers can
†

compete with wound rotor resolvers economically due to lack
of winding on their rotor. However, they have lower accuracy
in comparison to WR types, especially in low pole applications
and under mechanical faults [5, 7].
A resolver is mechanically coupled to an electric machine;
hence, any mechanical fault of the machine would be
transferred to the resolver. Those faults cause position error
increment in addition to mechanical friction and damages.
Effect of eccentricity faults on the performance of
resolvers has been the subject of many research papers [1]
[8-11]. However, their fault diagnosing methods are not
discussed yet. All fault diagnosis methods are divided into two
signal-based and model-based categories. The former is the
most common method for fault diagnosis of electric machines
which deploys harmonic frequency content of the signals such
as phase current1 or electromagnetic torque to define the
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indices for fault detection [12-17]. Nevertheless, it is better
not to choose invasive signals such as radial force, air gap flux
density, and cogging torque for experimental fault diagnosis
[13]. Ebrahimi and et al. have found a logical relationship
between harmonics changes and the emergence of new
harmonics’ frequency and different types of eccentricity in
[18]. Hence one can obtain a frequency pattern of each type of
fault algorithm to detect fault continuously by a computer
connected signal sampler. Also, many have discussed the
accuracy of fault detection for different types of rotors [19] and
loading conditions [20, 21]. According to Ebrahimi[13], a
suitable fault diagnosis index is one which is able to detect
fault occurrence, its type, and magnitude accurately. The
amplitude of the phase current in resolvers is microscopic;
therefore, the electromagnetic torque is negligible, too. As a
consequence, they are not suitable candidates for resolver’s
fault diagnosis.
In this paper, static eccentricity is detected based on output
windings’ voltage and flux density signals indices for a sample
WR resolver. Then, the uniqueness of all indices is verified
from dynamic eccentricity and short-circuit faults. Once the
indices are verified, the magnitude of the fault is calculated by
interpolation between exponentially increasing data points.
Voltage and air gap flux density signals are chosen because of
their successful performance examination among many other
signals. All the simulations are done using time stepping finite
element method, and the experimental test on the studied
resolver is used to validate the simulation accuracy in the
healthy state before applying different faults.

II. STRUCTURE OF STUDIED RESOLVER
The studied resolver has two poles cylindrical wound rotor
structure. Rotor has a variable turn, on-tooth winding. The

stator has 11 slots that contain 2-phase variable turn, on-tooth
windings which are known as signal windings. Fig. 1 (a) shows
the schematic of the studied resolver, and Table 1 presents its
electrical and mechanical parameters.

III. SIMULATION OF THE STUDIED RESOLVER
The accurate model of a faulty machine is the first stage, which
has a considerable impact on accurate fault detection. Hence as
shown in Fig. 1 (b), the Finite Element Method is used for
simulating the resolver due to its high accuracy. However,
there are some considerations that should be considered in the
finite element simulation of resolver, including excitation type,
setting time step, and stop time of simulation, assigning mesh
operations, and selecting the solver that is discussed in detail in
[22]. In this paper, Ansys-Electromagnetic Suit 17.1 software
is used for simulations. The excitation winding is on the rotor
and fed using a high-frequency sinusoidal voltage. The rotor is
rotated in a constant speed, and the induced voltages on the
signal windings that are located on the stator are given as
presented in Fig. 2.
Table 1. Resolver properties
Parameters

unit

Mechanical speed
Excitation voltage
Excitation frequency
Rotor slots
Stator slots
Inner/outer rotor diameter
Inner/outer stator Diameter
Stator teeth width
Rotor teeth width
Stator slot height
Rotor slot height

Value

rpm
V
Hz
mm
mm
mm
mm
mm
mm

300
5
4000
20
11
23.53/31.99
34.13/ 45.96
7.12
2.65
6.7
6
MATLAB

ANSYS

Geometrical dimensions,
materials,
excitation voltage,
rotational speed

(a)

• Drawing the stator and rotor
cores
• assigning the materials
• setting boundary conditions
• assigning the excitation
• setting movement
• assigning mesh operation
• setting solution setup
• running
simulation
and
calculating magnetic flux density
and output voltages
• Apply the mechanical faults and
repeat the simulation:
 Displace stator to model SE
 Displace rotor to model DE
 Make a short circuit on 2
turns of a coil

magnetic flux density
output voltages
Rotational speed

• Calculating
voltages’
envelope
using
Hilbert
Transform
• Calculating harmonic content
of envelopes using FFT
• Calculating harmonic content
of magnetic flux density
• Calculating
maximum
position error (MPE) and
average of absolute position
error (AAPE)
• Choosing indices For voltage
and flux density frequency
spectrums based on their
regular changes
• Check out the differences in
order to detect fault type
• Determination of relationship
between
harmonics
amplitude growth and fault
degree

(b)

Fig. 1. (a) The schematic of the studied resolver (b) Schematic flowchart of the simulation procedure
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Fig. 2. Output signal windings voltage waveforms

The equations below show the output perpendicular
voltage signals:
V = V sin(2pf) sin q
V = V sin(2pf) cos q

Fig. 3. Core sheets of studied resolver:(a) Stator sheet and (b)
Rotor sheet

(1)

where V is the amplitude of the induced voltage, f is the
excitation frequency, and θ is the angular position of the rotor
that can be calculated through:
q=arctang( )

(2)

In order to use the sine and cosine voltage for this purpose,
it is necessary to obtain their envelope, because of their
high-frequency oscillating content. The signals envelope is
obtained using the Hilbert transform in Matlab. Then, the
harmonic content of the envelopes is determined, and the
voltage amplitude and total harmonic distortion (THD) of
envelopes are calculated. Afterward, the inverse tangent of
the envelopes’ ratio is used to calculate the rotor position.
Comparing the calculated rotor position with the reference
position gives the position error. The reference position in the
simulations is also calculated using the mechanical speed of
resolver. While in the experimental test, it is measured using
the reference position sensor that is an optical encoder. Then
the Maximum position error (MPE) and the average of
absolute position error (AAPE) as the best factors for
determining the accuracy of the resolvers can be calculated
[22]. The performance characteristic of the studied resolver is
reported in Table 1.

IV. VALIDATION OF RESOLVER MODEL USING
EXPERIMENTAL RESULTS

In this section, the wound-rotor resolver is constructed, and
TSFEM experimental test is performed on it to make sure of
the simulation accuracy. The stator and rotor and the test
set-up are shown in Fig. 3Fig. 4, respectively.

Fig. 4. Experimental test set-up of the studied resolver

In the test set-up, the understudy resolver is coupled with a
DC motor. While a programmable 18-bit optical encoder, as a
reference sensor, detects the real rotor position. Also, a digital
oscilloscope is used to measure and save the output voltages.
Induced voltage traced by the oscilloscope is shown in Fig. 5.
The voltage signal information is recorded by flash memory,
and further calculations are done in MatLab software.
Experimental test’s results show that the THD of voltages’
envelope is 0.1660% while its value is estimated at 0.1569%
using TSFEM. Also, the Average of Absolut Position Error
(AAPE) is calculated equal to 0.0773º and 0.0734º for
experimental and simulation results, respectively. More
details are reported in Table . The difference between the
simulation and experimental results are about 5%.
Accordingly, one can trust the validity of the simulation
accuracy to apply different faults and investigate their effect
on the simulation model.
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The frequency spectrum of any signal might reveal the
fault trace on its content. One can detect fault by a precise
investigation on the harmonics changes which are able to
reveal fault occurrence, its type, and magnitude. Hence the
bar graph of the frequency spectrum of the output sine
voltage is generated and illustrated in Fig. 6 using a
logarithmic scale for the healthy resolver using fast Fourier
transform on its envelope. Every harmonic component
contains a distinct frequency which is a multiple of the
fundamental frequency of 5 Hz.
=

= 300  f=5Hz

(4)

Fig. 5. The measured voltage waveforms
Table II. Resolver simulation results in healthy state
Amplitude (V)

THD (%)

Sine

2.0117

0.1569

Cosine

2.0163

0.1547

MPE
(Deg.)

AAPE
(Deg.)

0.2075

0.0735

Fig. 6. The logarithmic frequency spectrum of voltage envelope

Based on the fault indices evaluation procedure suggested
in [23], every index proposed for fault diagnosis should be
able to detect fault occurrence as the first step. If the index
could clarify the fault type from other possible faults and
determine the fault severity, then one can nominate the index
for fault diagnosis safely.

V. INDEXING SE FAULT

A. DIAGNOSIS USING THE VOLTAGE SIGNAL
In order to realize the effect of static eccentricity on the
voltage harmonic components, the fault is applied to the healthy
simulation model according to the values of Table . The
frequency spectrum of output sinusoidal voltage in the same
coordinate system is shown in Fig.7 for both healthy and 50% SE
affected signal.

One can apply static/dynamic eccentricity on the healthy
model of resolver by displacing stator/rotor axis from their
original place, respectively. The amount of both a
displacement is reported in Table III. Static eccentricity
percentage corresponds to stator axis displacement value.
This value can be calculated by (3):
SE =

g

−g
2g

(3)

Where g0 is the air gap length and
=
−
.
gmax and gmin are the maximum and the minimum air gap
lengths in case of stator axis displacement (SE). Air gap
length of the healthy resolver is 1.07 mm for the studied
resolver.
Table III.
Eccentricity percentages applied to the simulated model
Percentage

10%

20%

30%

40%

50%

Displacement (mm)

0.107

0.214

0.321

0.428

0.535

Fig. 7.

Sine winding harmonic components under the healthy
and static fault state

The amplitude of most of the harmonic components are
increased as the stator axis is displaced, and the air gap is
asymmetric subsequently.
The same work is done for every single SE fault percentage.
By scrutinizing all the components changes during the fault
severity increment, one can recognize the components, which
have significant incremental changes that notify the fault. These
components are listed in Table IV. The variation of the harmonic
components versus SE percentage is shown in Fig.8 . As can be
seen, the 19th harmonic component is the clearest one, which
contains a frequency of 95 Hz. By fitting a curve on the
component’s amplitude, both the eccentricity occurrence and its
magnitude can be found out. It should be mentioned that despite
significant variations of the third harmonic amplitude, it is not an
acceptable index because it is excited in almost all type of faults.
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The other harmonic components vulnerability will be discussed
in section 6.
Table IV.
Voltage envelope indices for static eccentricity
Winding

Harmonics order

Sine winding

3 ,17, 19, 39, 41, 43

Cosine winding

17, 19, 39, 41, 61

Fig. 8. Exponential increment in the amplitude of harmonics of
flux density versus static eccentricity percentage

B. DIAGNOSIS USING FLUX DENSITY SIGNAL
The air gap length reduction in the first half cycle and
increment in the other half due to static eccentricity causes its
asymmetry. Subsequently, air gap flux density changes are
erratic. As it is shown in Fig.9, flux density reduces in the first
cycle and increases in the other, while static eccentricity
increases.

Table V.
flux density amplitude indices for static eccentricity
Harmonic order
Odd harmonics

1,3,5,31,39,47,67,71,73

Even harmonics

32,40,42,56,64,66,88

VI. UNIQUENESS VERIFICATION OF SE FAULT
INDICES
As mentioned earlier, one can recognize SE fault using cited
harmonic components. Nevertheless, the likelihood of the same
effect under other types of faults necessitates evaluating them too,
in order to identify SE uniquely. Dynamic eccentricity (DE) is
intrinsically similar to SE, but unlike SE, it’s the rotor’s axis that
varies from the two other axes.
The effect of short-circuit in excitation winding resembles the
static and dynamic eccentricity; hence in order to verify static
eccentricity from short-circuit, 2 turns of a 46 turn coil of the
excitation winding are shorted, and its effect is investigated in
the simulation environment. It is worth to mention that the
eventuality of short-circuiting (SC) in the studied resolver is high
due to fragile 0.060 mm and 0.100 mm copper wires used in
signal and excitation windings, respectively.
The next two sections deal with the dynamic eccentricity and
short-circuit effects on both voltage and flux density signals.

A. VOLTAGE SIGNAL INDICES VERIFICATION
In this section, dynamic eccentricity is applied to the healthy
model of the resolver. Resolver’s rotor axis is displaced
according to the values of Table 3. One can see the harmonics
amplitude deviation under healthy and 50% dynamic eccentricity
condition in Fig.11.

Fig. 9. Air gap flux density waveform under different static
eccentricity values
Flux density bar graph of the frequency spectrum is drawn in
Fig. 11 for three healthy and faulty state of static eccentricity.
Just like the voltage signal, by securitizing the components
changes, those that reveal SE are reported in Table V.

Fig. 10.The frequency spectrum of the air gap flux density signal
in the healthy state and under static eccentricity states.

Fig. 11. The frequency spectrum of the voltage signal in the
healthy state and under dynamic eccentricity states
Doing the same investigation for the harmonic components of
voltage signal under different dynamic eccentricity percentages
reveals those that their amplitude increase exponentially during
faults percentage increment. Some harmonics amplitude
increment vs. the dynamic eccentricity percent is such a regular
one which enables to predict the dynamic eccentricity magnitude
by intra-extrapolation. These harmonics are found by accurate
assessment of all harmonics and are reported in Table VI.
In order to recognize eccentricity from short-circuit fault, two
turns of one of the excitation winding’s coils which contain 46
turns are shorted in the simulation environment. Most of the
harmonic components amplitude change except some, which can
help fault type recognition as they act differently. Both indices
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for dynamic eccentricity and short-circuit are reported in Table
VI.
Table and Table both show the harmonic components that
can be used as each fault indices in voltage envelope. Comparing
the value of these harmonics in both healthy and faulty states
reveals the fault occurrence. Also, the magnitude of the fault can
be realized using interpolation methods for their exponential
equations. For instance, one can see the third and 43rd harmonic
of sinusoidal voltage under dynamic eccentricity which supports
this idea in Fig.12.

Fig. 12. The increment of candidate harmonics for dynamic
eccentricity diagnosis
The order equation of these two harmonics are as below:

B. FLUX DENSITY SIGNAL INDICES
UNIFICATION:
The length of the air gap transiently changes over time as
DE happens. Thus in the first half cycle, there is an abnormal
increment, unlike the average reduction in the second half
cycle of rotation when fault percentage is more than 40%.
Fig.13 shows how DE effects on the air gap flux density
during the two half cycles.
Using FFT for the flux density signal, the harmonic
components changes are obtained and scrutinized during DE
increment.Fig.14 shows that only two high-frequency
components, 98th, and 100th components have an incremental
growth pattern, which is mentioned in Table VIII. As can be seen
in Table V and Table VIII, there are different harmonic
components indices for each type of eccentricity that can help
distinguishing static from dynamic type by choosing un-common
ones. Also, short-circuit in the excitation winding leads to a
decrease in the flux density in both half cycles. One can
distinguish the only decreasing harmonic components, listed in
Table that make SC occurrence notable, too.

V = (2.3782´10 ) − (1.186´10 )
+(2.8928´10 ) + 2.5038´10
(4)
= (−9.544´10 ) + (6.0926´10 )
−(6.6426´10 ) + 4.126´10

The importance of eccentricity type recognition gets
highlighted as one must displace the stator or rotor axis back to
their real position in order to prevent windings or even cores
friction. This would be feasible in case of using unique,
uncommon components for each case. In other words, using
different harmonic components that are excited uniquely only by
one type of fault, helps to recognize the fault correctly and fix
the device properly to prevent repeating the fault.
Table VI.voltage envelope indices for dynamic eccentricity and
short-circuit
DE
SC
Sine winding
3, 43
all except 19,21, 23
Cosine winding
2, 45
all except 19,21,23

Fig. 13. The flux density of the air gap under dynamic
eccentricity

Fig. 14. Flux density amplitude frequency spectrum under
dynamic eccentricity.

For example, the 45th harmonic component can denote the
fault type uniquely. This harmonic component is excited only
by DE fault and can help to find out the fault occurrence, its
type and amount of rotor axis displacement. Error!
Reference source not found. shows the 45th harmonic
amplitude, which has a monotonic exponential growth as DE
fault increases.
Table VII.The amplitude of 45th harmonic of voltage envelope
versus DE percentage increment
Healthy

10%

20%

30%

0.539
×10-5

0.811
×10-5

2.02
×10-5

4.04
×10-5

40%
6.2
×10-5

50%
9.52
×10-5

Table VIII.Flux density amplitude indices for dynamic
eccentricity
Fault type

Harmonics order

DE

98, 100

Short-circuit

21,41

VII.CONCLUSION
Static eccentricity fault indices were studied for a sample
wound rotor resolver in this paper. The introduced indices
could notify static eccentricity fault occurrence and its
magnitude by voltage and flux density signals. The big
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difference between the faulty and healthy frequency spectrum
revealed the fault occurrence affecting the high order
harmonics mostly. (The affected harmonics frequency of
voltage signals lies between 85- 300 Hz and 150- 450 Hz for
flux density signal.
To ensure that the proposed indices are unique, other
possible faults were also analyzed. By applying short-circuit
and dynamic eccentricity, indices of each were found. Using
the uncommon harmonics, the fault type was distinguished
from others. Also, the fault magnitude could be calculated
using the proposed method. All the analysis was done using
the time stepping finite element method. Also, the healthy
simulated resolver’s accuracy is validated by comparing
position error of it and an experimental sample resolver.
Although one may not predict a similar condition in other
types of resolvers, this investigation as the first fault
diagnosis attempt for resolvers has proved the effectiveness
of
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voltage and flux density signals for this purpose.
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