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Abstract: In this paper, a type of co-excitation axial reluctance resolver (CARR) in different winding
modes is taken as the simulation model. Detailed explanations have been provided on its stator,
rotor, and windings. Simultaneously, an introduction was made to the distribution of two types
of signal winding modes. The influence of three kinds of eccentricity on the output characteristics
of this CARR during installation and fabrication is also studied. According to two kinds of signal
winding modes, the variation law of waveform and amplitude of output potential is analyzed under
the conditions of stator radial eccentric distance in different eccentric directions, rotor radial eccentric
distance in different eccentric directions and rotor axial offset, and the influence of three factors on
total harmonic distortion (THD) is analyzed further. Under the conditions of different eccentricities
and offset, a prototype of 15 pair pole CARRs in the mode of sinusoidal windings is tested. The
function errors of the signal windings under conditions of radial eccentricity of the stator, radial
eccentricity of the rotor and axial offset of the rotor were measured separately. The variation rule
of error was compared between measurement and simulation. The correctness of the finite element
simulation results under three different eccentricity conditions was verified. The verification results
provide theoretical support for further optimization of structural parameters and the installation of
the stator and rotor, which can improve measurement accuracy.

Keywords: axial reluctance resolver; co-excitation; eccentricity; finite element simulation

1. Introduction

The structure of resolvers can generally be divided into three types: wound resolvers,
radial reluctance resolvers, and axial reluctance resolvers. As a position sensor in a servo
motor control system, the resolver can be used in many fields such as robots, electric vehi-
cles, aviation and aerospace [1-5]. The wound resolver realizes a sinusoidal electromagnetic
field through the excitation windings distribution set on the rotor [6]. The windings of the
other two kinds of resolvers are arranged on the stator, and the sinusoidal variation law of
the electromagnetic field is realized by changing the coupling area or the air gap length
between the stator and the rotor [7,8]. The electrical error of one pole pair wound resolver
is relatively low and can reach £10". The volume of one pole pair reluctance resolver is
smaller than that of one pole pair wound resolver, and the electrical error is relatively large
and can reach +60'.

The design purpose of resolvers is to achieve accurate measurement of the position
or angle. Therefore, in the design process, it is necessary to consider the spatial position
coordination with the tested motor, and different structural designs should be completed
for different tested objects [9-11]. On the basis of completing the preliminary design of
the resolvers, further structural optimization is needed, and the optimization method
is limited by design requirements and the installation environment. Ref. [12] achieved
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accuracy compensation by changing the tooth shape through the tooth-pairing method.
In [13], a Fourier series is used to optimize the shape of the rotor, and the correctness of
the optimization is verified by finite element analysis. On the basis of the structural design
and optimization, the resolver will also conduct research on certain characteristics, which
typically include the winding configuration and inductance characteristic analysis. In [14],
the anti-interference of the sinusoidal distributed winding configuration is verified using
the winding function method, and the results of the proposed method under constant and
sinusoidal distributed winding configurations are compared with the finite element method
in terms of accuracy and computation costs. The winding function method can not only
configure the winding distribution law, but also be applied to calculate the inductance of the
internal winding with resolvers and analyze the harmonic distribution of the signal output
in principle [15]. In [16], a novel self-correction composite method based on a discrete
extended state observer and a harmonic observer method is put forward to calibrate the
angular position of the resolver. The verification results indicate that this method can
improve measurement accuracy. In addition, the eccentricity issue during installation and
processing is also one of the factors affecting the measurement accuracy of resolvers [17].
In [18], the measurement error is reduced and the error caused by the rotor eccentricity is
suppressed by building an analytical current model. In [19], the Siamese network was used
to detect the static eccentricity voltage of each tooth of the resolver, and the eccentricity
position was extracted by converting it into a rotor angle.

At present, most of the research on resolvers is mainly focused on the structure and
winding distribution of the stator and rotor [20-22]. However, there are still some other
problems affecting the accuracy that need to be solved, and which can be summarized as
the following three aspects:

(1) Errors in the processing: The main reason is that the radial and axial reluctance
resolvers have complex corrugated rotor structures, resulting in high processing difficulty,
high technical requirements, and easy occurrence of rotor deformation, eccentricity, and
other problems.

(2) Limitations to the coordination of poles and slots: The pole pairs of the resolver
and the tested motor need to be designed in conjunction, which cannot fully follow the
design concept of the resolver. Moreover, the given space size further limits the stator
design and distribution of the winding turns [23-25].

(3) Strict installation requirements: The stator and rotor need to be installed strictly in
accordance with the coaxial fixation. And the radial eccentricity and axial offset may affect
the accuracy [26].

Based on the above problems, this paper takes the CARR as the research object, and
analyzes the amplitude of the output electromotive force (EMF) and the total harmonic
distortion (THD) according to the stator radial eccentricity, rotor radial eccentricity and
rotor offset under two different winding modes. This provides a certain reference for the
design and optimization of the reluctance resolver. The three eccentricities are shown in
Figure 1. By summarizing the completed research, the main contributions of this research
are as follows:

(1) The structure of the CARR is introduced. The distribution law and setting mode of
four phase signal windings under two winding types are explained in detail.

(2) The stator radial eccentricity, rotor radial eccentricity and rotor offset under differ-
ent eccentricity directions are simulated and analyzed. The variation trends of the signal
output EMF amplitude and harmonic distortion rate were compared and analyzed under
two winding types.

(3) Precision measurements were conducted on a prototype of 15 pole pairs of CARRs
in the sinusoidal winding mode. The function errors of the precise machine signal output
and coarse machine signal output were compared and analyzed under three working
conditions: stator radial eccentricity, rotor radial eccentricity and rotor axial offset.
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Figure 1. Three types of eccentricity diagrams.

The research work of this paper is based on the published papers “Electromagnetism
Principle of the Coarse-Exact Coupling Variable-Reluctance Resolver” and “The Analysis
of Multipole Axial Flux Reluctance Resolver with Sinusoidal Rotor”, which have provided
a detailed introduction to the model structure and basic principles of the CARR. Therefore,
the specific simulation methods and waveform generation process of the output EMF will
not be discussed here. In this paper, the eccentricity and offset of the stator and rotor of
the CARR are simulated and analyzed, and the error variation law of the signal output
is established, and this provides a reference for the design and optimization of this kind
of resolver.

2. Effect of Eccentricity and Offset of Stator and Rotor on Output Electromotive Force

The CARR is a multi-pole brushless reluctance resolver, which is suitable for speed
and position sensors of servo systems.

The CARR is composed of a stator and a rotor. And the equal air gap is set between
the stator and the rotor. There are 4NP identical slots on the inner side of the stator. A
through slot is set along the circumference of the stator. The stator has 4NP upper teeth
and 4NP lower teeth. N is a natural number. The excitation winding is the ring winding
which is set in the stator slot. And the excitation winding is concentric with the stator.
Figure 2a is the schematic diagram of the CARR in the sinusoidal winding mode. The
sine signal windings of the coarse machine are divided into two groups. The first group is
wound anticlockwise on adjacent NP stator teeth. The second group is wound clockwise
on other adjacent NP stator teeth. The setting mode of the sine signal windings and cosine
signal windings of the coarse machine is the same. The difference between the two signal
windings is that the phase difference is a 90° electrical angle. The sine signal windings of
the precise machine are divided into 2P groups. The first group is wound anticlockwise on
adjacent N stator teeth. The second group is wound clockwise on other adjacent N stator
teeth. The other groups are set in the same way until the 2P groups sine signal windings of
the precise machine are set completely. The setting mode of the sine signal windings and
cosine signal windings of the precise machine is the same. The difference between the two
signal windings is that the phase difference is a 90° electrical angle.
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Figure 2. Three-dimensional model of two pole pairs of CARRs.

In terms of the structure, the difference between the CARR in two different winding
modes lies in the distribution of the signal windings. Figure 2b is the schematic diagram of
the CARR in the winding mode of equal turns. The magnetic conductive part of the rotor
core which is designed with an optimization function of magnetic field is a multipole strip
magnetic conductive structure. The rotor structure is shown in Figure 3.

& -

(a) Structural diagram of rotor (b) Plane expansion diagram of rotor

Figure 3. Rotor schematic diagram of two pole pairs of CARRs.

This paper mainly studies the radial eccentricity of the stator, the radial eccentricity
of the rotor and the axial offset of the rotor in the installation process of this new type of
CARR. The influence of different eccentricities and offset on the measurement accuracy of
signal output is analyzed.

2.1. Effect of Stator Radial Eccentricity

Stator radial eccentricity is the situation where the rotor of the resolver is concentric
with the rotating shaft and the stator deviates from the rotating shaft because of factors
such as the silicon steel sheet lamination, fixation with the mechanical structure of the outer
shell, and installation of the stator in coordination with the rotor, as shown in Figure 1a.
The CARR has a special structure, which is more vulnerable to the influence of eccentricity.
So, it is necessary to analyze different eccentric situations. When the stator and rotor are
relatively stationary, the eccentricity distance of the stator along a certain stator tooth axis
is h. In the case of non-eccentricity, the length of the air gap between the stator and rotor is
g. When the stator is eccentric, the length of the air gap between the stator and rotor does
not change with the rotation angle. However, the air gap length of the stator eccentricity
corresponding to each stator tooth is no longer equal.

The maximum length of the air gap caused by the radial eccentricity of the stator is
g + h, which occurs at the position of the first stator tooth axis, and the minimum value is
g — h, which occurs at the stator tooth axis at a mechanical angle of 180 degrees with the
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first tooth. The length of the air gap distributed by other teeth according to their positions
can be expressed as

9= <h2 +2hgcos<(i -1)- 2Zn> +g2> ’ (1)

The change in the air gap will change the magnetic conductance of the air gap corre-
sponding to each stator tooth and this affects the output electromotive force of the signal
windings. In the case of the stator radial eccentricity, the magnetic conductance of the air
gap corresponding to each stator tooth can be expressed as:

Ai = No+ A+ Aip

2
= Ao+ mo-Sin/gi+mo-Sip/gi @

In Formulas (1) and (2), i is the serial number of the stator teeth. Ay is the constant
component of the air gap magnetic conductance. A;; is the fundamental component of
the air gap magnetic conductance. A;p is the harmonic component of the air gap magnetic
conductance. p is the air permeability. g is the air gap length of the stator and rotor. & is the
eccentricity distance of the stator and rotor. S;; is the equivalent fundamental component
of the coupling area. S;p is the equivalent harmonic component of the coupling area. Z; is
the number of stator teeth.

It can be seen from Formula (2) that the change in air gap length will directly affect the
air gap magnetic conductance corresponding to each stator tooth. Therefore, the change
law of the output electromotive force of four phase signal windings is also different from
that of the stator without radial eccentricity.

The finite element method of the electromagnetic field is used to simulate and analyze
the variation in the output electromotive force of signal windings when the stator is
eccentric in different directions. In the finite element software, models of 15 pole pairs of
CARRSs in the winding mode of equal turns and sinusoidal winding mode are established,
respectively.

With an eccentricity of 0.6mm, the output EMF of the precise machine signal windings
of 15 pole pairs CARRs in different winding modes is shown in Figure 4.
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Figure 4. Variation law of signal windings output EMF of precise machine when radial eccentricity of
stator exists.

There is no obvious amplitude error between the output electromotive force of the
sine signal windings and cosine signal windings of the precise machine in Figure 4, which
shows that the radial eccentricity of the stator has little additional impact on the amplitude
error between the output electromotive force of two phase signal windings of the precise
machine. The simulation results show that the radial eccentricity of the stator will change
the zero position of the output electromotive force of precise machine signal windings
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and cause an additional zero position error. This is because the radial eccentricity of
the stator makes the air gap between the stator and rotor no longer equal and changes
the distribution of the air gap magnetic conductance corresponding to each stator tooth.
The change in air gap magnetic conductance will mean that the maximum value of the
output electromotive force of sine and cosine signal windings in the first half period is not
equal with the maximum value of the output electromotive force of sine and cosine signal
windings in the last half period. When stator radial eccentricity occurs, the change rule of
the output electromotive force of signal windings in the sinusoidal winding mode is the
same as that in the winding mode of equal turns.

The amplitude and total harmonic distortion of the output electromotive force of
the precision machine sine signal windings in different winding modes are analyzed
respectively when the radial eccentricity direction of the stator is 0°, 3°, and 6°. The analysis
results are shown in Table 1 and Figure 5. The amplitude of the output electromotive force of
precise machine sine signal windings will increase with the increase in the stator eccentricity
distance. And the values of the functional error vary with different eccentric directions. At
the same time, with the increase in the eccentric distance, the function error of the output
electromotive force of the precision machine signal windings shows an upward trend.
Comparing the analysis results shown in Table 1 and Figure 5, it is found that analysis
results in both winding modes are affected by the radial eccentricity of the stator. However,
different radial eccentric directions of the stator have a great influence on the function error
of the output electromotive force of precise machine signal windings in the winding type
of equal turns. And it has little influence on the function error of the output electromotive
force of precise machine signal windings in the sinusoidal winding mode.

Table 1. Amplitude variation law of sine signal winding output EMF of precise machine when radial
eccentricity direction of stator is 0°.

Amplitude of Output EMF (mV)

Radial Eccentricity Distance (mm)

Equal Turns Windings Sine Windings
0 299.5 3219
0.1 302.2 323.0
0.2 306.0 3259
0.3 3104 332.0
0.4 316.3 337.0
0.5 322.2 343.7
0.6 3289 353.5
® 5 T ° 3.0 T T T
= Stator eccentricity direction is 0° = [ Stator eccentricity direction is 0°
2 % Stator eccentricity direction is 3° o [C__] Stator eccentricity direction is 3°
o c Stator eccentricity directionis6°| | © ﬂgJ 2.51 [ Stator eccentricity direction is 6|
[a [al= —
T8 T g
(=] [l =] 2.0- ] |
83 83 ]
£% g%
2 = 2 5 151 a
8% €%
5E 52 10 1
8 E B2
= T2 051 ’
g5 EYS
=3 =)
o e} 0.0-
0.0 01 02 03 04 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Radial eccentric distance of stator(mm) Radial eccentric distance of stator(mm)
(a) The type of equal turns winding (b) The type of sine winding

Figure 5. THD variation law of sine signal winding output EMF of precise machine when radial
eccentricity direction of stator changes.
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In the case of no eccentricity, the output characteristics corresponding to both the
equal turns winding type and sine winding type should maintain a symmetrical waveform,
and the envelope of the output EMF should be close to the standard sinusoidal waveform,
so as to achieve high measurement accuracy [7,14,15]. The condition of the stator radial
eccentricity has a significant impact on the output characteristics of the equal turns winding
type and sine winding type. The envelope of the output EMF of the equal turns winding
type presents a flat waveform and has a large THD. The envelope of the output potential in
the sine winding type is closer to the sinusoidal waveform and has a smaller THD. The
peak values of the output EMF are no longer equal in one electrical cycle, and there is an
obvious zero offset, which will directly increase the measurement error of the CARR.

2.2. Effect of Rotor Radial Eccentricity

Rotor radial eccentricity is the situation where the stator of the resolver is concentric
with the rotating shaft and the center of the rotor deviates from the rotating shaft as a result
of factors such as the rotor processing and installation, as is shown in Figure 1b. Different
from the stator radial eccentricity, the air gap between the stator and the rotor will change
with the rotation of the rotor when the rotor radial eccentricity occurs and the included
angle between the rotor radial eccentricity direction and the Z-axis is . The eccentricity is

h, and its size is h. With the change in the rotation angle, / will also rotate synchronously
with the rotor, and the included angle with the Z-axis is 8 + Bg. Therefore, the air gap length
corresponding to each stator tooth changes with the change of angle 8. However, the air
gap length corresponding to each position of the rotor is independent of the rotation angle.
Based on the Z-axis, the air gap between the stator and rotor can be expressed as:

§'=g— 22 lcosP(0— o) +cos(® — fo)] o

In the formula, g’ is the length of the air gap between the stator and rotor when the
rotor is radially eccentric.

In order to obtain the influence of the rotor radial eccentricity on the CARR more
clearly, 15 pole pairs of CARRs are taken as the analysis objects. The center line of the
maximum wave crest of the rotor is selected as the 0 °direction of the rotor radial eccentricity,
and the given eccentricity is 0.6mm. The waveform of the output electromotive force of
precise machine signal windings is obtained, as is shown in Figure 6. The finite element
analysis of the rotor radial eccentricity along 0°, 3°, and 6° was carried out, and the analysis
results are shown in Table 2 and Figure 7.
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(b) The type of sine winding

Figure 6. Variation law of signal windings output EMF of precise machine when radial eccentricity
direction of rotor is 0°.
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The analysis results show that the amplitude of the output electromotive force of
the precise machine signal windings changes slightly when the direction of the rotor
radial eccentricity is different. In different winding modes, the zero point of the output
electromotive force of precise machine signal windings does not change, so no additional
zero position error is generated. The amplitude of the output electromotive force of the
two-phase precise machine signal windings is the same, so no additional amplitude error is
generated. It can be seen from Table 2 and Figure 7 that the amplitude and total harmonic
distortion of the output electromotive force of precise machine sine signal windings in two
winding modes show an upward trend with the increase in the rotor radial eccentricity
distance. For different rotor radial eccentricity directions, the total harmonic distortion
variation trend of the output electromotive force of precise machine sine signal windings is
basically the same.

Table 2. Amplitude variation law of sine signal winding output EMF of precise machine when radial
eccentricity direction of rotor is 0°.

Amplitude of Output EMF (mV)

Radial Eccentricity Distance (mm)

Equal Turns Windings Sine Windings

0 299.5 3219
0.1 301.2 324.0
0.2 304.3 326.9
0.3 308.6 3322
0.4 314.9 338.1
0.5 322.6 346.1
0.6 332.8 355.5

T T T

Rotor eccentricity direction is 0°

Rotor eccentricity direction is 3°

Rotor eccentricity direction is 6°
[ [

w

T T T T T L
Rotor eccentricity direction is 0=
Rotor eccentricity direction is 3

Rotor eccentricity direction is 6

-

signal winding of precise machine(%)

Output electromotive force THD of sine

N

=
!

Output electromotive force THD of sine
signal winding of precise machine(%)

o

0.0 1 02 03 0.4 0.5 0.6 0.0 0.1 0.2 03 0.4 05 0.6
Radial eccentricity distance of rotor(mm) Radial eccentricity distance of rotor(mm)
(a) The type of equal turns winding (b) The type of sine winding

Figure 7. THD variation law of sine signal winding output EMF of precise machine when radial
eccentricity direction of rotor changes.

Based on the above analysis of the rotor radial eccentricity, it can be seen that the rotor
radial eccentricity will cause additional function error in the output electromotive force of
precise machine signal windings, but it will not cause an additional zero position error and
amplitude error.

2.3. Effect of Rotor Axial Offset

Rotor axial offset is the situation where the stator center (or rotor center) is axially
offset relative to the center point of the resolver as a result of the installation of the stator
in coordination with the rotor, as shown in Figure 1c. When the axial displacement of
the rotor occurs in the CARR, the air gap length between the stator and rotor remains the
same, but the coupling area between the stator teeth and magnetic conductive part of the
rotor changes. It can be seen that the axial offset of the rotor will change the coupling area
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between a single stator tooth and the rotor. Therefore, it is necessary to further analyze the
influence of the rotor axial offset on the output electromotive force.

According to the corresponding relationship between the stator teeth and rotor in
Figure 8 below, the coupling area between one tooth of the stator and the rotor in the case
of the axial eccentricity of the rotor can be approximated as follows:

S =H; -sin(8) + Hp -sin(Pf) + K, 0 < 6 <271 4)
H1: ZRZ] Al sm(Z) (5)

Hp = IZJR-11~AP~Sin<sz> (6)

K=4R -1y -[B—sin(B)] + IR(b — 4B) (7)

In the formula, A is the ratio of the amplitude of the rotor coarse machine function to
the axial thickness of the rotor. Ap is the ratio of the amplitude of the precision machining
function of the P pole pairs rotor to the axial thickness of the rotor. /; is the height of the
stator teeth. R is the inner diameter of the stator teeth. b is the tooth width of the stator
teeth. | is the axial eccentricity of the rotor. 0 is the rotation angle of the rotor.

It can be seen that the coupling area of axial eccentricity has a constant component
K on the basis of one pole pair sinusoidal component and a P pole pairs sinusoidal com-
ponent, and the magnitude of K is related to the eccentricity /. The constant component
in the coupling area will be reflected in the air gap permeability, increasing the constant
component of the air gap permeability. The constant component in the air gap magnetic
conductivity cannot form the output EMF. Meanwhile, there will be no constant component
generated in the output EMFE.

AZ

0 z, ol s ol ER
7 8 3 2 8

b _4 _n. b
5‘:5—5 9—§+/3 €_§+§+/3

Figure 8. Position relation diagram of stator and rotor when axial offset of rotor exists.

In the case of the rotor axial offset, the finite element analysis is carried out for the
15 pole pairs of the CARR with the winding mode of equal turns and the sinusoidal winding
mode, respectively. When the tooth height of the stator is 5 mm, the axial eccentricity of
the rotor is 2.4mm, and the waveform of the output electromotive force of the precise
machine signal windings is shown in Figure 9. Table 3 and Figure 10 show the amplitude
and total harmonic distortion of the output electromotive force of the precise machine
signal windings.
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Figure 9. Variation law of signal windings output EMF of precise machine when axial offset of
rotor exists.

Table 3. Amplitude variation law of sine signal winding output EMF of precise machine when axial
offset of rotor changes.

Amplitude of Output EMF (mV)
Axial Offset Distance (mm)

Equal Turns Windings Sine Windings

0 299.5 3215
0.4 298.0 320.2
0.8 2954 316.4
1.2 291.0 312.8
1.6 279.1 299.6
2.0 266.5 286.7
24 2529 267.8

w

T T T
Winding mode of equal turns
Sinusoidal winding mode

=

N
!

[
!

signal winding of precise machine(%)

o
I

Output electromotive force THD of sine

0.0

0.4 0.8 1.2 1.6

Axial offset distance(mm)

20 24

Figure 10. THD variation law of sine signal winding output EMF of precise machine when axial
offset of rotor changes.

From the analysis results in Figure 10, it can be seen that there is no obvious amplitude
error in the output electromotive force of the signal windings of the precise machine in
the two winding modes. Considering the calculation error of the software, when the axial
offset of the rotor is less than 50% of the stator tooth height, the axial offset of the rotor
will not cause an additional amplitude error of the output EMF of the precise machine
signal windings. The zero output electromotive force of the precise machine sine signal
winding is 7t and 277, and the zero output electromotive force of the precise machine cosine
signal winding is 77/2 and 37t/2. It can be seen that there is no zero error in the output
electromotive force of signal windings of the precise machine in the two winding modes.

The analysis results in Table 3 show that the amplitude of the output electromotive
force of the precise machine signal windings will decrease with the increase in the axial



Processes 2024, 12, 308

11 of 15

offset of the rotor. When the amplitude of the signal winding function of the precise
machine in two winding modes is equal, the amplitude of the output electromotive force of
precise machine signal windings in the sinusoidal winding mode is always larger than that
in the winding mode of equal turns.

In Figure 10, when the axial offset of the rotor is within 50% of the stator tooth height,
the total harmonic distortion of the output electromotive force of precise machine signal
windings is basically unchanged. Therefore, it can be considered that when the offset is less
than 50% of the stator tooth height, the rotor axial deviation will not cause an additional
function error.

3. Measurement Accuracy Experiment of CARR

As the CARR is a kind of position sensor, it has strict requirements of measurement
accuracy. After theoretical derivation and finite element analysis, it is necessary to measure
the characteristics of the prototype in actual work and compare them with the finite element
simulation results.

A total of 15 pole pairs of CARRs are selected for the experimental prototype. The
sinusoidal winding mode is adopted. The prototype structure is shown in Figure 11.
Figure 12 shows the experimental platform for the precision measurement, which is com-
posed of an oscilloscope, a function signal generator, a grating dividing head and a me-
chanical rotating platform. Among them, the measurement accuracy of the dial gauge is
generally 0.001 mm, which meets the experimental measurement requirements. The mea-
surement accuracy of the grating dividing head can reach 1”, which meets the requirements
of the prototype experiment conducted in this paper. The function error and zero position
error of these 15 pole pair CARRs under the conditions of stator radial eccentricity, rotor
radial eccentricity and rotor axial deviation will be measured. And the correctness of the
simulation results will be verified.

(a) Stator structure (b) Rotor structure

Figure 11. Prototype structure diagram of 15 pole pairs coarse and precise coupling axial reluctance
resolver.

Oscilloscope.

Grating dividing head Prototype platform

Figure 12. Test platform.
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3.1. Test of Stator Radial Eccentricity

Under the condition that the rotor is concentric with the turntable, the stator of the
15 pole pairs of the CARR is artificially made to have radial eccentricity. Taking the peak
position of the function of precise machine sine signal windings as the radial eccentricity
direction, the relative eccentricity is selected as 50%. The function error of 15 pole pairs of
the CARR with stator radial eccentricity is tested.

The measurement results show that when the stator radial eccentricity occurs, the
zero error of the output electromotive force of coarse machine signal windings is +£1°14/,
and the zero error of the output electromotive force of precise machine signal windings
is +4’. It can be seen from Figure 13 that when the stator radial eccentricity occurs, the
functional error of the output electromotive force of precise machine sine signal windings
is +8/, and the functional error of the output electromotive force of coarse machine sine
signal windings is £2°18’. The measured results are consistent with the simulation results.
The radial eccentricity of the stator will not only cause additional function errors, but also
cause additional zero position errors.
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(b) Sine signal winding of precise machine

Figure 13. Measurement results of function error when radial eccentricity of stator exists.

3.2. Test of Rotor Radial Eccentricity

The radial eccentricity test of the rotor needs to ensure that the rotor of the 15 pole
pairs of the CARR is eccentric artificially when the stator and the turntable are concentric.
In order to facilitate measurement, the center line of the maximum wave crest of the rotor
is taken as the eccentric direction, and the eccentricity is set as 50%. The functional error
of 15 pole pairs of the CARR with radial eccentricity of the rotor is measured, and the
measurement results are shown in Figure 14.
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(b) Sine signal winding of precise machine

Figure 14. Measurement results of function error when radial eccentricity of rotor exists.
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As can be seen from Figure 14, in the case of the radial eccentricity of the rotor, the
function error of the output electromotive force of coarse machine sine signal windings is
+1°52/, and that of the output electromotive force of precise machine sine signal windings
is £6’. When the rotor is eccentrically radial, the zero error of the output electromotive
force of coarse machine signal windings is about 37/, and the zero error of the output
electromotive force of precise machine signal windings is about +2’. Compared with the
case without eccentricity, the zero error of the CARR does not change when the rotor is
eccentrically radial. However, the function error becomes larger at the same time, so the
measurement accuracy of the CARR decreases.

3.3. Test of Rotor Axial Offset

The rotor axial offset of the 15 pole pairs of the CARR is set to 2mm, and its zero
position error and function error are measured. The measurement results are shown in
Figure 15.
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(b) Sine signal winding of precise machine

Figure 15. Measurement results of function error when axial offset of rotor exists.

It can be seen from the measurement results that when the axial offset of the rotor is
within 50% of the stator teeth height, the zero position error and function error of the 15 pole
pairs of the CARR are basically the same as those without the offset. Therefore, when it is
ensured that the rotor axial offset is within 50% of the stator teeth height, it can be considered
that the rotor axial offset will not affect the measurement accuracy of the CARR.

4. Conclusions

In this paper, the influence of stator radial eccentricity, rotor radial eccentricity and
rotor axial offset on the measurement accuracy of the CARR was studied, and an analysis
method of finite element simulation was proposed to compare the stability of the signal
output performance under two different winding modes, so as to provide reference for
the design optimization of the CARR and other kinds of resolvers. The results show that
the signal windings with the sine winding mode have a higher anti-eccentric interference
performance than those with a winding mode of equal turns, and have a lower THD while
maintaining a higher EMF amplitude. The errors caused by the stator radial eccentricity
and rotor radial eccentricity exhibit directional variation patterns. The CARR has good
robustness to rotor axial offset. Finally, the effectiveness of this finite element simulation
analysis method for stator radial eccentricity, rotor radial eccentricity, and rotor axial offset
was verified through experimental verification.
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