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Abstract Q

In this paper, a new structure for an axial flux consequent pole resolver (&‘ ) with concentrated
windings on the stator is presented and analyzed. In this proposed designythe magnetic poles of
the rotor are created by symmetrical saliences in the ferromagne re of the rotor instead of
using permanent magnets, arranged in an alternating pattern ame magnetic direction. By
applying current to the concentrated windings of the stator a axial direction, a suitable flux
density is generated to produce iron poles. The main i ion of this structure lies in the
elimination of permanent magnets and the simple, li ht, and robust design of the rotor,

which enhances reliability in position and speed esti on. The performance of the proposed
resolver has been examined using two different winding patterns to generate sinusoidal and cosine
signals, in order to analyze their effects on i functional harmonics and reducing position

error. Three-dimensional simulations using t D Finite Element Analysis (3D-FEA) method
demonstrate that this resolver has adequate accuracy in position estimation and that the selection
of the appropriate winding pattern ca ificantly improve positioning accuracy.

Keywords: axial flux conseduent p@le resolver (AFCPR), rotor position estimation, 3D Finite
Element Analysis.

. Introductiq
In the operation Q\trol of many electric machines, rotor position and speed sensors play a
crucial role i ntrol loops of various applications across industries, for which a variety of
Sensors can @lllzed Among the different position detection sensors, optical sensors are widely
establish recognized; however, their performance is influenced by environmental factors
suc teMperature, smoke, dust, and vibration [1]- [4]. Another type of rotor position sensor is
the Héll Effect sensor (HS), which is useful in many applications due to its reliance on magnetic
field properties [5]- [8]. Nevertheless, it is sensitive to precise flux density and may not be suitable
for high-resolution applications. Recently, resolvers have gained increased attention as position
sensors for electric machines due to their inherent advantages, such as robust structure, suitable
size, capability to operate in contaminated environments, and ability to function across a wide
range of frequencies, temperatures, and vibrations. These features have led to an increasing
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application of resolvers in sensitive industries such as aerospace, automotive, and robotics [9]-
[33]. To provide a foundational understanding, resolvers operate as rotary transformers that measure
angular position by utilizing electromagnetic coupling between the rotor and stator windings. These systems
typically employ radial flux designs, where the magnetic flux flows perpendicular to the axis of rotation.
Radial flux resolvers are widely recognized for their robustness, reliability, and precision; however, their
larger axial dimensions can pose challenges for integration into compact systems. In contrast, axial flux
resolvers, as reported in the literature, present a promising alternative by offering a more compact geometry
and potentially higher efficiency. Their design enables magnetic flux to flow parallel to the axis of rotation,
which reduces axial length and allows for improved space utilization. Despite these advantages, a X
designs are often limited by increased design complexity and manufacturing challenges. Q

However, challenges such as structural complexity, winding type, and production c& ve led
to extensive research focused on the development and optimization of resolver str . Inearly
versions, resolvers utilized wound rotors that required the injection of excitatig @TS through a
rotating transformer [9]-[16]. This resulted in increased dimensions, complexitynd costs of the
device, as a rotating transformer was needed to power these windings. ently, the presence
of an internal rotating transformer in the resolver core led to larger dimgnsions and additional

costs. In another type of resolver, the variable reluctance struc eliminates the excitation
winding from the rotor and places it on the stator, resulting |n5 r design [17]-[23]. On the
other hand, the Permanent Magnet Resolver (PM-Resolver) i posmon sensor that uses PM
poles and operates without an input signal. Due to advant h as a compact and lightweight

structure and reduced winding usage, PM-resolvers ha tly gained considerable popularity
in various industrial applications [24]-[26]. Howe¥ @use of permanent magnetic materials
faces challenges such as instability at high tempe % demagnetization, high costs, and access
limitations, which have imposed constraint @mdustrial applications, negatively affecting
their cost-effectiveness. Additionally, the I evolution of various resolver configurations
indicates that axial flux resolvers (AFP aresecoming increasingly popular compared to radial
flux machines (RFPM) due to their di t advantages and disk-like structures [27]-[33]. These
machines allow for size reductlo creasing the number of poles, particularly for direct drive
applications with low rotational speéds/ Moreover, among the various types of resolvers, axial flux
resolvers exhibit better perfo@e under conditions of mechanical faults.
However, as previously , It is essential to focus on reducing costs, simplifying the
structure, and, of cour @ncmg the reliability of resolvers. To minimize the use of permanent
magnet (PM) materi hout compromising magnetic flux density, the Consequent Pole (CP)
structure present active option where all permanent magnetic poles in iron-core machines
are replaced [34}-[36 achines with a consequent pole structure have been widely used and
investigated ér)/arious applications, facing numerous challenges to overcome in their design to
itive in terms of overall machine performance. Therefore, this paper proposes an
nsequent pole resolver (AFCPM) that does not utilize permanent magnetic materials.
structure, as the name suggests, the magnetic poles are generated by saliences in the
ferromagnetic rotor core with the same magnetic direction arranged in an alternating pattern. In
this resolver, the desired iron poles of the rotor are produced using a DC field winding on the stator
core, eliminating the need for permanent magnetic poles in the rotor structure. By injecting
appropriate and selective current into the DC field winding, a suitable magnetic field density is
generated on the rotor’s iron poles. Consequently, the air gap flux density can be adjusted, making
the machine highly desirable for various applications with regulated output voltage. The key
advantage of this machine lies in its simple, cost-effective design, particularly its robust one-piece
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rotor, which is well-suited for high-speed applications. This rigid rotor structure enhances
performance by minimizing the effects of external forces on the rotor, while also ensuring high
reliability under fault conditions. Therefore, these factors make this resolver an optimal choice for
many applications.

Furthermore, one of the main challenges in the operation of resolvers is the presence of voltage
harmonics in the sinusoidal and cosine signals, which leads to errors in position and speed
detection. The main source of these harmonics is due to the variety of signal winding patt

this study, two different winding patterns have been investigated to examine their

reducing distortion and improving position accuracy. The performance analysis of s@posed
structure has been conducted using the three-dimensional Finite Element Methg FEM) to
thoroughly evaluate the magnetic field accuracy and the electromagnetic ance of the
resolver. In the subsequent section, a detailed design of components, ke eters, and the
topology of the structure will be presented, focusing on the replace &ﬁrmanent magnetic
poles with iron poles.

s%ure and topology will be
agnetic operating principles
ine signals using two different

In the following sections of this article, the proposed resolver’
described in detail in Section 2. Section 3 will examine the
of the resolver and the method of generating sinusoidal
winding patterns. Finally, in Section 4, the results of th% imensional simulations (3D-FEM)
will be presented, along with an analysis and cot n of the resolver’s performance and
positioning accuracy. Section 5 will summarize@ dings and provide recommendations for
future research.

2. Topology Description of the osed AFCPR

(AFCPR) are illustrated in Fi 1. As shown in Figure 1, this resolver employs a symmetrical

configuration relative to th stator core, with the stator core positioned between two coaxial

disc rotors. These two Jscs are mounted on a common shaft, allowing for their simultaneous

and symmetrical r The dual-sided rotors consist of a series of ferromagnetic iron poles
I

The various components of ewatlc structure of an axial flux consequent pole resolver
[
I

made of electrical 8 @ such as silicon sheets), which are alternately positioned in the north and
south magnetic eations. These poles are integrated as protruding cores within the rotor
structure an ially and symmetrically aligned with respect to the central stator, extending
along theﬁlxis of the device.

The eature of this structure compared to conventional resolvers is the elimination of
permanent magnets and their replacement with consequent poles. In this design, the magnetic flux
required to excite the rotor poles is generated through a DC field winding installed on the stator.
This created magnetic field symmetrically flows into the rotors, resulting in the formation of
alternating magnetic poles (north and south) in the rotor, without the need for permanent magnetic
materials. This design not only simplifies the structure and reduces costs but also leads to a
decrease in rotor weight, increased mechanical strength, and improved thermal stability of the
sensor, making it highly suitable for industrial applications under harsh operating conditions.



The stator core of the AFCPR resolver is designed to include two distributed signal windings for
generating sinusoidal and cosine signal output voltages. These windings are symmetrically placed
in the radial slots on both sides of the disc stator, arranged so that their spatial distribution is
configured to produce induced voltage waveforms that have orthogonal phases (90 degrees of
electrical phase difference) with respect to the angular position of the rotor. This feature enables
precise extraction of the angular position of the shaft and ensures accurate and high-resolution
operation of the resolver. The signal windings located at upper and lower sides of the stator core
can be connected electrically in series or parallel, which in this paper are connected in serjes, At
the center of the stator, there is an excitation winding responsible for generating th @

magnetic field of the device. This winding is powered by a DC voltage source and pl rucial
role in providing the magnetic flux necessary for the formation of the iron poles inthe'etor discs.
The mechanical structure of this winding is designed so that the produced flux floxé'rallytoward
the two rotors, ultimately creating a closed path for the magnetic flux throu rotor, air gap,

and stator

The iron poles in the two rotor discs are designed as mechanical protr, s&nade of ferromagnetic
materials. These poles do not have any internal field source (suc @rmanent magnets) and are
magnetized solely by the flux generated from the DC fleld@ng By adjusting the current
supplied to the DC field winding, the magnetic flux densi uced in the rotor poles can be
dynamically controlled. This feature provides high ibility in adapting the resolver’s
performance to various operating conditions and ena Itage output adjustment and system
performance optimization. In fact, the AFCPR reso y utilizing the DC field winding to supply
the magnetic pole flux, eliminates the need ;:Er nsive and temperature-sensitive permanent

magnetic materials. This not only reduces m turing costs and increases reliability under harsh
environmental conditions but also simplifies production process and enhances the system’s
recyclability and maintainability. Therefoye, this structure can serve as an effective and suitable

alternative to conventional resolv@ e permanent magnets.

In Figure 2, the two main operational states of the AFCPR resolver are illustrated: the first state is
when no current is injected i ﬁ» e DC field winding, and the second state is when DC current is
applied to the field win generating a magnetic field within the machine core. These two
conditions effectlvely strate the magnetic behavior of the system. In the unexcited state
(zero current), acco, to Ampere’s law, no magnetic force is generated in the core environment,
resulting in the of any magnetic flux in the magnetic path between the rotor, stator, and
rotor. This c r nders the system inactive in terms of producing output position signals, as
there is n omagnetic force available to induce voltage in the sinusoidal and cosine signal
Windingsé

In thgsezond state, when direct current is applied to the excitation field winding, an axial magnetic
field 1s generated at the center of the stator, according to Ampére’s law and Faraday’s law. This
field is flowed through the iron core of the device as magnetic flux, forming a closed loop of flux
between the iron poles of the first rotor disc, the stator, and the second rotor disc. Consequently,
the iron poles in each rotor disc alternate between north (N) and south (S) magnetic poles. The
strength and direction of these poles are entirely dependent on the amplitude of the current injected
into the field winding. As the excitation current increases, the magnetic flux density also rises,
which directly leads to an increase in the amplitude of the induced voltage in the output position



windings (sinusoidal and cosine signal). Since the generated magnetic flux is linearly proportional
to the excitation current, the magnetic performance of the resolver can be finely tuned with high
precision. This dynamic control of the magnetic field allows for adaptable operation in various
applications, enhancing the resolver’s versatility and performance in measuring angular positions
accurately.

The ability to adjust the magnetic flux density is a crucial feature in precision positioning
applications. In various operating conditions where errors in angular position detection ma

(due to noise, electromagnetic interference, or temperature variations), fine-tuning the %
current allows for dynamic reduction of the resolver’s operational errors and impro é)output
accuracy. In summary, the flexible structure of the AFCPR enables the contro only the
density of the magnetic poles through field current management but also actlve%mtams the
accuracy and stability of the resolver’s positioning performance under g operational

conditions. )\H
This model could not only provide a simpler yet effective representation of the magnetic flux paths
and key magnetic interactions within the core, but also clarify the rfelafionship between excitation

current, flux density, and induced voltages, thereby facilitati process of initial design and
optimization. Also, a magnetic equivalent circuit model i developed to complement the
results of the 3D FEA and further optimize the proposed e. This approach will enable better

visualization of magnetic flux distribution, faster paramétgr estimation, and greater flexibility in
the design process.

3. The operation principle of the pro%%CPR resolver.

The operation and topology of the proposed AFCPR resolver bear a strong resemblance to that of
an Axial Flux Permanent Magn olver in terms of working principles. In fact, permanent
magnet resolvers are a type of t sé synchronous generator that produce angular position
signals based on electromagnetic induction. In these structures, instead of feeding the rotor
windings with an excitation nt source, permanent magnetic poles are used to generate a
constant magnetic field. (Fhis constant field induces positional voltages in the stator sensor
windings. However, NtHE proposed AFCPR resolver, as previously explained, permanent
magnetic poles are sed; rather, the necessary magnetic field for system excitation is provided
through a conc DC excitation winding embedded in the center of the stator core. By
applying dire nt, this winding alternates the iron poles mounted on the rotor discs between
north (N) r@uth (S) poles. Therefore, the AFCPR resolver, without the use of permanent
magneticymaterials, enables the generation of a controllable and adjustable magnetic field.

Whei the magnetic field is generated through the excitation winding, the mechanical rotation of
the rotor causes a continuous change in the angular position of the iron poles relative to the
receiving windings in the stator. In this case, according to the operational principles of resolvers,
induced voltages with sinusoidal and cosine signal functions are generated in the two output
windings of the stator concerning the angular position of the rotor. More specifically:

o The first stator winding induces a voltage proportional to the function cos(0).
e The second winding induces a voltage proportional to the function sin(0).



where 0 represents the instantaneous angular position of the rotor relative to the stator. Using these
two orthogonal signals, the exact angular position of the rotor can be extracted and converted into
a digital signal through vector analysis methods or resolver-to-digital converters. This unique
structure, utilizing controllable electromagnetic excitation instead of permanent magnets, not only
enhances flexibility and operational accuracy under varying environmental and operational
conditions but also enables dynamic performance improvement and reduction of angular position
detection errors in the system.

The disc-shaped structure of the stator and rotor cores in the AFCPR resolver, alon e
presence of asymmetric protrusions on the surfaces of the rotor discs, results in a nof-unifaym and
anisotropic distribution of the magnetic field within the machine. This inhomogengi the field
is particularly pronounced in areas close to the air gap and at the boundary betw: iron poles
and the stator slots, leading to complex behavior in terms of magnetic flux. Co ntly, accurate
modeling of this type of structure, especially during the electromagnetic®analysis process,
necessitates the use of three-dimensional finite element analysis (3D% ethods to precisely
predict the actual behavior of the field, induced voltages, flux ?ﬁjty’ and their distribution

throughout the volume of the machine. o

Since the air gap of the machine is non-uniform and asy va due to the specific geometric

shape of the rotor discs, simplifications such as axial s ry or radial periodicity cannot be
utilized. Consequently, modeling only a portion of t chine’s geometry is insufficient; the
entire three-dimensional geometry of the resol ust be comprehensively modeled and

meshing stage. In the 3D geometry meshing s, special attention is paid to the air gap region,

as significant changes in the magnetic field r in this area, necessitating greater accuracy in

calculating the field gradients and fl ensity. Therefore, the mesh density in this region is

considered to be very fine and co% h significantly increases the number of mesh elements
I ti

analyzed. This requirement leads to an incre?; i computational volume, particularly during the

and, as a result, raises the computa e and resources needed to solve the model.

The main dimensions and d parameters of the proposed resolver are presented in Table 1,
which includes the geom c)specifications of the rotor discs, stator core, number of poles, slots,
air gap length, and wi parameters. To examine the performance validity of the proposed
structure and analy |mpact of the winding pattern on the quality of the output voltages and
field density, tw: nt winding design patterns have been evaluated:

yer Pattern with 32 slots in the stator.
D@e Layer Pattern with 16 slots in the stator.

Thes% two winding patterns are schematically illustrated in Figure 3. It is worth noting that, despite
the differences in the number of stator slots and the arrangement of the phases, all other geometric
and dimensional parameters of both resolvers are considered identical. Additionally, in both
structures, the windings of each phase are connected in series on both sides of the stator core to
enhance the magnetic field generated at the center of the core and simultaneously improve
operational characteristics. Analyzing and comparing the results obtained from these two
structures provides valuable insights into the impact of winding topology on output accuracy, the



waveform of the induced voltage, flux density, and the electromagnetic efficiency of the resolver,
thereby aiding in the selection of the most optimal configuration for practical applications.

The general purpose sizing equation and the main dimensions for axial flux machines has the
following form. The phase back EMF, e, , is defined as:

epn(t) = 21f.Ky,. Npp. By. A, Sin(wt) (@)

where, f, K,,, Npp, w and B, are power source frequency, winding coefficient, phase tur, %r,
angular speed and the peak of pole flux density. The pole cross section for this me V Ap, IS

calculated as: Q
(Doz—Dofz)T[ (DifZ—Diz)T[ @
Ap = ap ap = ap py x& (2)

Where p is poles number, a, is ratio of pole arc to pole pitch (pgle (’%) D,, D;,D,r and D;f are
outer and inner radiuses of machine and dc field winding that nin flgure 4,

Also, By, is the magnetic flux density in the air gap at the % ¢ of the rotor’s electrical magnets
resultmg from the field winding current. It is depeade field winding current and can be
calculated from the equivalent magnetic circuit. The % shows 3D magnetic equivalent circuit

of the pole pair of AFCPR. In this figure R and R, are the reluctances of the rotor
pole and yoke, the stator tooth and the air %pectlvely As shown in this figure, the flux per

pole is flowed from the stator core to the rotorsthfoughout the air gap.

Therefore as shown in figure 5, t% pex pole (¢p) is calculated as:

Nyply
p= (3)
2Rst+2Rpy+4Rrp+4R g

And thus, the magnetic f sity, By, is calculated using the following relationship:
Nfl N¢l
Bg — %p _ f°f — 2ff (4)
Ap 2Ryt +E Ry +4Rrp+4Rg)Ap  RmAp

Where N; |s§€ number of turns of the DC field winding in the stator, I is the field winding
cur R,, is the total magnetic reluctance of the path. It should be noted that B;behaves
simildrly'to the flux density of a permanent magnet for the electromagnetic magnet.

Herein by measuring the induced voltages in each phase winding, the air-gap flux per pole is
calculated as below:

da
eph = d_:m = /1ph = fephdt (5)



where 1, and Ny, are the linkage flux per phase and the number of turn of each phase winding
respectively. Therefore, the linkage flux of Sin and Cos winding are derived from the voltage
waveforms as

dlc(t)
ec(t) = = Ep,Cos(wt + 6,) { Ac(t) = [ e.(t) dt = Ay, Sin(wt + 6;) )
e (t) = M = E,.Sin(wt + 6,) () = [eg(t) dt = Ay, Cos(wt + 6)
It should be noted that Equation (6) was derived under ideal assumptions to simplify the ical
analysis and provide a foundational understanding of the resolver’s operation. Howe , practical

factors such as rotor geometry, slotting, and consequent pole effects are known to Qj ce spatial
harmonics, non-orthogonality, and signal distortion. In order to account for hallenges, a
detailed 3D finite element analysis (FEA) is performed. This analysis inc s all geometric
details, including stator slotting and rotor consequent pole effects, % counting for core
saturation to simulate realistic operating conditions. This modelingp-approach enables a
comprehensive evaluation of the potential impacts of these factprs @e resolver’s performance.

4. Simulation Results and Validation of the Proposed

By employing the three-dimensional finite element a 19(3D-FEA) method, it is possible to
precisely model and analyze the distribution of ma%' flux density across all regions of the
resolver at any moment in time and at any rotor a position. This method, by considering the
complex and asymmetric geometry of the rgsol ucture, particularly the variable air gap and
the non-uniform distribution of the magnetic/field, enables highly accurate simulation of
electromagnetic phenomena. Figure 6 illgstrates a schematic representation of the 3D model, the
geometry meshing, and the magnetic ﬂb%\ensny distribution in various regions of the stator and
rotor cores. In this figure, specia as been given to fine meshing in areas adjacent to the
is du the sensitivity of the magnetic field behavior in this region
uring its instantaneous and spatial variations, which is essential
minimizing simulation errors. From the results of the magnetic
analysis, it is observed %d maximum magnetic flux density in the stator teeth is approximately
0.8 Tesla. This valugs=ig Below the saturation threshold of the ferromagnetic material used in the
core construction, ting the effectiveness of the design in preventing magnetic saturation.

air gap. This high mesh densi
and the necessity of accuratel
for obtaining precise resu

Figure 7 preSents the induced voltage waveforms generated by the stator windings under the
single-la ding configuration (Case 1). These voltages are characterized as cosine (Cos(0))
andysine (S#M(0)) signals, which vary based on the rotor’s angular position (0). These signals are
util&&? accurately determining the rotor’s angular position through differential analysis or ratio
calculations between the two output phases. Comparing the induced voltage signals obtained from
finite element analysis with ideal reference signals (perfectly sinusoidal), it can be observed that,
although the general waveform shape is preserved, there are deviations in both amplitude and
waveform characteristics. These deviations are primarily caused by the following factors:

e Asymmetric air gap effects due to the disk-shaped rotor structure and uneven rotor
protrusions.
e Non-ideal flux distribution across the teeth and slots of the stator.



e Presence of noise induced by flux edge effects and Lorentz forces in sharp geometric
regions.

These irregularities in the output signals lead to the generation of high-frequency components or
subharmonic distortions in the induced voltage. Such distortions may introduce unwanted noise
into the rotor’s angular position estimation process when these signals are converted into precise
angular values. In other words, the position calculation error can increase due to disruptions in the
induced voltage and the non-uniformity of the magnetic field. Therefore, a detailed analysis of
these distortions, along with the development of digital filters or corrective algorithms togifigate
their effects during the position estimation process, can significantly enhance the peffor e and
accuracy of the angular measurement system based on the proposed AFCPR resol &

Figure 8 illustrates the linkage flux profiles associated with the two-phase stgt Indings of the
proposed AFCPR resolver. As a key component in the electromagneti¢ pecforance analysis of
the machine, these linkage flux profiles play a critical role in determining ality of the induced
voltage signals and, ultimately, the accuracy of the position sensigg system. As shown in this
figure, the time-domain profiles of the linkage flux in each phase e@t smooth, continuous, and
well-organized waveforms, free from severe disturbances orygndesirable oscillations caused by
geometric or magnetic distortions. One key observation f ese diagrams is the significant
reduction in high-order harmonic effects, which are pri duced by the uneven distribution
of stator teeth, rotor slots, and the asymmetric air gap ip'the disk-shaped machine structure. This
reduction highlights the effectiveness of the desig %wes, including the optimized geometry of
the poles, the precise placement of the windings{and the appropriate selection of the number of
slots and the winding method. These desi%mderations have successfully mitigated spatial
harmonic components in the linkage fl profiles, ensuring improved electromagnetic
performance and enhanced signal quality for the resolver system.

The elimination of these unwantewm nic components not only improves the quality of the
induced voltages and reducessignal distortions but also directly enhances the accuracy of rotor
angle estimation. Since the @ s angular position is calculated based on the analysis of the
sinusoidal and cosine si vpltages induced in the stator windings, any distortion in these signals
can lead to positionin . Consequently, based on the results presented in Figure 8, it can be
concluded that th ctural and electromagnetic design of the AFCPR resolver has been
optimized to enaﬁé xtraction of clean, low-distortion linkage flux signals. This highlights the
high potenti proposed resolver for precise position measurement applications in motion
control sy robotics, and advanced electric drives.

No ing the relationship below to determine the angle between the cosine and sine signals, the
rotoryposition at any given moment can be calculated as follows:

0,-(t) = Arg(A,(t) + i A.(t)) = Arg(Cos(wt + 8,) + i Sin(wt + 6,)) @)

The Arg function determines the angle between the cosine and sine signals as the phase angle of a
complex number formed by these two signals. Figure 9 illustrates the identified rotor position
0,-(t) by the resolver in comparison with the actual rotor position. To better compare the results,
the ideal rotor position is also plotted in this diagram. The rotor position error calculated by the



resolver is presented in Figure 10. As observed, rotor position determination results in an error of
approximately 2.5 degrees during the rotor’s 360-degree rotation, which is considered an
acceptable outcome. The harmonic content of the rotor position error envelopes for the single-
layer AFCPR, as shown in Figure 11, illustrates the frequency spectrum of the error signal. This
analysis highlights the fundamental harmonic along with higher-order harmonics providing
valuable insights into the potential error sources. With the change of the winding pattern to a
double-layer configuration, this condition will be reassessed.

Figures 12 and 13 respectively illustrate the induced voltage waveforms of the cosine r@'ﬁe
phases, along with their corresponding flux linkages, for the second winding coh i@ion: a
double-layer arrangement with 16 stator slots. In this winding pattern, each stator, consists
of two separate coil layers symmetrically positioned on opposite sides of the@r core and
connected in series. This winding pattern enhances the distribution of the nﬁ@e ¢ field within
the core and reduces the effects of unwanted magnetic interference. As gbsegve®in the figures, the
induced voltage waveforms in the sine and cosine phases are signif&y moother and more
regular compared to the single-layer configuration. This indicates, that Spatial distortions and
higher-order harmonics caused by field non uniformity within th @ne’s internal structure are
greatly minimized in this pattern. In particular, the flux Iink% iles presented in Figure 13
demonstrate more uniform slopes and softer temporal vasigtions. This directly contributes to
improved output signal quality and reduced magnetic noi mately enhancing the accuracy of
rotor angular position detection. Overall, the comparis@r between the results of the two winding
configurations highlights that employing the doubleg-tayer arrangement with an optimized design
can be considered an effective strategy to reduce ial distortions, improve signal stability, and
increase the performance accuracy of the p FCPR resolver.

Using the relationship for determining the\angle between the cosine and sine signals (Equation 7),
the rotor position at each moment s, obtained as depicted in the plot in figure 14. For better
comparison, the ideal rotor positio Isd"shown in this figure, and the rotor position estimation
error by the resolver is presented in figure 15-a. As observed, the rotor position estimation results
in an error of approximatel ﬁb ee over the 360-degree rotation of the rotor, which indicates an
improvement compared t@ previous single-layer winding configuration.

0

For a more qualita
value is illustratg

alysis, the difference between the calculated rotor position and the ideal
angular error plot in figure 15-b. Based on this figure, it can be observed
that the angular Smér rémains approximately 1 degree across most points of the rotor’s 360-degree
cycle. Thi E& shows a significant reduction compared to the previous single-layer winding
configuratiop, demonstrating an improved performance of the angular position extraction
alg?m the double-layer winding setup. The harmonic content of the rotor position error
€
h

envelopes for the double-layer AFCPR, as shown in Figure 16, illustrates the frequency spectrum
of the'error signal. As demonstrated by this figure, the harmonic profile of the error signal exhibits
superior performance compared to the single-layer configuration.

These results confirm that the optimized winding structure, combined with precise three-
dimensional meshing and proper control of magnetic excitation parameters, effectively reduces
the error in rotor position estimation. Such accuracy is crucial for applications requiring precise



position detection in dynamic conditions or environments with external noise, highlighting the
high potential of the proposed AFCPR structure for use in high-precision position sensing systems.

To enhance the practical significance of the proposed axial flux resolver topology, relevant
experimental studies reported in the literature have been reviewed. Reference [27] provides a
detailed investigation of a similar axial flux resolver structure, covering its design, optimization,
fabrication, and experimental validation. The experimental results from [27], presented in Figure
17, demonstrate the feasibility of axial flux resolver structures in real-world conditions, achieying
a rotor position error of approximately 4 degrees. In contrast, the resolver proposed in thi dy
achieves a significantly improved position error of approximately 1 degree, as shown in gigure 15.
This comparison underscores the effectiveness of the proposed design an @imization
methodology and highlights its potential for achieving superior performance cow@to existing

experimental designs. (b‘
5. Discussion '\s

The results obtained from the 3D simulation of the proposed® F@ resolver demonstrate the
desirable performance of this structure in extracting the roto@ ar position with acceptable
accuracy. As observed in the analysis of the induced voltages*and flux linkages, the optimized
winding design and the use of a DC excitation coil con d at the center of the stator core,
instead of a permanent magnet, provide greatereflexibility in controlling the magnetic flux
amplitude. Moreover, this approach allows for r adaptability to different operational
conditions. A comparison between the singl y@w double-layer winding structures revealed
that the double-layer configuration, with %e number of slots, leads to a more balanced
distribution of the magnetic field and a reduetion in spatial harmonics. This, in turn, results in
sinusoidal cosine and sine induced valtages with lower distortion. Such improvements have a
direct impact on the reduction of r erxor in the extracted position. Specifically, in the double-
layer configuration, the rotor’s a osition error was limited to approximately 1 degree,
representing a significant im ement over the initial single-layer winding design.

On the other hand, the us¢0f)3D-FEM for accurate modeling of the structure, particularly in the
asymmetric air gap reg d non-uniform teeth, has been essential and unavoidable. This precise
modeling enables th servation of localized effects on flux density distribution and the dynamic
behavior of the €r, demonstrating that the proposed design does not experience magnetic
saturation withifstfe specified operating range and remains within the safe working limits of
ferromag mterials. Overall, it can be concluded that the proposed AFCPR structure, utilizing
adjustablg electromagnetic excitation, has the potential to replace permanent magnet resolvers.
Fur%@ue, with additional optimization in mechanical structure, winding design, and angular

extragtion algorithms, it can serve as a precise, cost-effective, and environmentally adaptable
option for industrial and automotive applications. This structure also paves the way for the
development of resolvers with intelligent and adaptive control in future electromechanical
systems.

The promising simulation results of the proposed AFCPR resolver highlight its potential for
precise angular position extraction. To further enhance the performance of the proposed AFCPR
resolver, future work will prioritize the optimization of the winding configuration and mechanical



structure to reduce voltage harmonic distortions and improve angular positioning accuracy.
Specifically, refining the double-layer winding design and optimizing the slot configuration will
be critical in achieving a more balanced magnetic field distribution, minimizing spatial harmonics,
and generating sinusoidal induced voltages with lower distortion. These improvements are
expected to directly contribute to the reduction of angular error in position measurement.

6. Conclusions

In this study, an innovative design of an axial flux resolver with consequent poles (AF as
introduced and analyzed without the use of permanent magnets. The resolver des iginates
permanent magnetic elements and replaces them with a DC excitation coil concgptrated on the
stator, enabling the generation of a controllable magnetic field. This feature not od@‘nplifies the
structure and reduces production costs but also enhances flexibility in fieﬁp nsity control,
providing greater adaptability under varying operating conditions. Key advantages of the proposed
resolver include its lightweight rotor, elimination of permanent ma&/ nd high reliability,
making it a suitable option for industrial, automotive, and precision positioning applications. In
this paper, the operating principles of the AFCPR resolver and it n@étic field distribution were
first examined. Subsequently, using 3D finite element analySis, the magnetic flux density
distribution, phase-induced voltages, and flux linkages wer. r&yzed. Simulations demonstrated
that the proposed structure performs well in terms of \@g magnetic saturation, achieving
balanced field distribution, and generating indueed (olfages, showing good alignment with
theoretical expectations. Additionally, a compariso o0 different stator winding configurations
(single-layer and dual-layer) revealed that al in@ winding arrangement significantly reduces
spatial harmonics and improves the accura% or angular position extraction. Specifically, in
the double-layer configuration, the position extraction error was limited to approximately 1 degree,
representing a notable improvement over the initial single-layer design. In summary, the proposed
AFCPR resolver, with its simplifiedsdesign, lower cost, adjustable magnetic field, and precise
performance, has the potential to sas a suitable replacement for permanent magnet resolvers
in many forward-looking ind@strial applications. Moreover, it provides a robust foundation for
further development and inte on into intelligent positioning systems of the future.
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Figure 16: The harmonic content of the rotor position error envelopes for si er AFCPR.

Figure 17: Experimental results of the AFRs presented in reference [2/7&) e detected position
versus the reference position and (b) the angular position error
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Figure 1: Schematic representation of the various components of the proposed AFCPR resolver.
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Figure 2: Main flux path of the CPAFR with (a) zero, (b) posi & current.

Table 1. The parameters values and Dimension ﬁaﬂon of AFCPR.

Parameter ° | Value
Stator and Rotor outer diameter o 3omm
Stator and Rotor inner diameter D; 15™mm
Stator Axial length % Ly 3pmm
rotor Axial length L, 12mm
Stator slot deep dg gmm
DC excitation outer giameter Dos 26mm
DC excitation inwm ter Dif 21mm
Number of turn &fgach phase coil N, 400
Number of t C excitation N¢ 200
Number of&o lots 1-layer/2-layer ng 32/16

le number P 4
@rrent of DC excitation A 3
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Figure 3: Winding patt:rnsm proposed resolver: a) Single layer b) Double layer.
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Figure.4: 3D views of (a) stator and (b) rotor of AFCPR
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Figure 5: the 3D magnetic equivalent circuit of tW pair of AFCPR.
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1.2000e+000
1.1143e+000
1.0286¢+009
9.4287¢-081
8.5717-081
7.7146e-081
6.8575e-081
6.0004e-081
5.1433¢-001
4. 2862e-001
3.4291e-001
2.5720e-001
1.7150e-001
8.5787¢-002
7.8235¢-085
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Figure @e magnetic flux density distribution for (a) stator (b) rotor and (c) plot mesh
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Figure 7: Induced Cosine and Sine voltages of AFCPR W|th single*Tayer winding.
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a@thage flux profiles of the AFCPR with single-layer winding.
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Figure 9: The rotor position estimation 6,.(t) by the AFCPR com[%ko the actual rotor
position for the single-layer.. (b‘
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Figure 10: The rotor position estimation error by the single-layer AFCPR as a function of a) time
and b) actual position.
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Figure 11: The harmonic content of the rotor position error envelope%ngle-layer AFCPR.
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Figure 12: Indu@Qine and sine voltages of the resolver windings with double-layer winding

C) configuration.
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Figure 13: Flux linkage diagrams of the resolver windings with m-layer winding

configuration. .
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Figure 14: @ed rotor position, 6,.(t), by the double-layer resolver compared to the actual
C) rotor position.
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Figure 15: the rotor position es@ ror by AFCPR as a function of a) time and b) actual
xtl of the double-layerresolver.
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Figure 16: The harmonic content of the rotor position error envelopes for single-layer AFCPR.



Figure 17: Experimental results of the AFRs presented in wﬁrf
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