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Abstract

Resolvers are essential position sensors used to determine rotational and linear positions. Based on their structure, they are
classified into two main types: wound rotor resolvers and variable reluctance resolvers. This paper analyzes the performance of
a tubular variable reluctance resolver using the Magnetic Equivalent Circuit (MEC) method. The proposed model's accuracy is
validated by comparing its results with those obtained from 3D finite element simulations.

Furthermore, various configurations of the tubular variable reluctance resolver are examined, including the inner stator long
mover, inner stator short mover, and outer stator long mover. Since the number of saliencies in the variable reluctance section
significantly influences resolver performance, its effect on accuracy is analyzed for a fixed number of slots. The optimized
configuration is identified as the inner stator long mover with five saliencies. Finally, the optimal configuration with the lowest
error is experimentally tested, and the results from the fabricated prototype confirm the validity of the conducted studies.
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1. INTRODUCTION

Position sensors are critical components in control systems.
Among these, resolvers are widely used due to their high
reliability, robustness in noisy industrial environments, and
resistance to temperature variations, outperforming sensors
like encoders [1]-[2]. Resolvers, comprising a rotor and a
stator, are categorized into wound rotor and variable
reluctance types. In wound rotor resolvers, both the rotor
and stator include windings designed to produce a
sinusoidal variation in mutual inductance between the
excitation and signal windings [3]-[4]. In variable
reluctance resolvers, the excitation and signal windings are
located in the stator, while the rotor lacks windings.
Sinusoidal mutual inductance is achieved through the rotor's
geometric design [5]-[6].

Variable reluctance resolvers are further divided into two
types: those with variable air-gap length and those with
variable cross-section [7]-[8]-[9]-10]. It is worth
mentioning that both wound rotor and variable reluctance
resolvers can be designed in radial flux and axial flux
constructions [11]-[12]-13]. Both types can be applied in
linear resolver structures. Considering the structure of
variable reluctance resolvers, their manufacturing process is
more straightforward, and they are generally more reliable.
However, wound rotor resolvers are typically more
accurate. Reference [14] examines flat wound mover

resolvers, while [15] introduces linear variable reluctance
resolvers with a variable air-gap length. Due to the
computational cost of finite element simulations, employing
analytical methods for studying the performance of
electrical machines is common [16]-[17]. In this regard, the
performance of these resolvers has been analyzed using the
magnetic equivalent circuit (MEC) method and winding
functions [18]-[19]. [18] proposes a method for
compensating the end effect in a variable reluctance linear
resolver using the MEC method, while [19] studies the
performance of a linear resolver with the winding function
approach. While all the mentioned references study the
longitudinal end effect, Reference [20] addresses transverse
end effects using a tubular structure. This paper
demonstrates that the tubular resolver can be a suitable
choice for linear motion. Therefore, a configuration of a
variable reluctance resolver is proposed in this paper. Given
that this construction compensates for the transverse edge
effect, optimization is performed to address the
compensation of the longitudinal end effect.

This paper investigates a tubular linear resolver with a
variable air-gap length. Performance is evaluated using the
MEC method, and the model’s validity is verified by
comparison with finite element simulation results. The rotor
saliency count, a key parameter influencing resolver
performance, is analyzed for various configurations, and an
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optimal design is experimentally validated. The results
confirm the accuracy of the proposed approach.

2. RESOLVER DESIGN AND CONFIGURATION
OVERVIEW

Resolvers consist of two main components: the mover and
the stator. In variable reluctance resolvers, the stator
contains two sets of windings: the excitation and signal
windings. The signal winding is further divided into two
categories: sin and cos. Fig.1(a) and (b) show the stator and
mover structures of the resolver under investigation,
respectively. As illustrated in this figure, the mover features
a non-wound solid construction. Owing to its design, the
distance between any given point on the mover and the
stator varies sinusoidally along the mover's length.

The number of turns in the excitation and signal windings
in each stator slot is calculated using the relationships in
equations (1) to (3) [4]:

Toxc (i) = Round{NEMax Cos((i - 1)1'[)} 1)

2m
Tsin (i) = Round {NSMQX sin P, <Z— (i— 1))} 2)

2m
T,0s(1) = Round {NSMQX cos P, <Z— (i— 1))} 3)

In these relationships, T, (i), Tgin (1), and T, (i) represent
the number of turns of the excitation winding, the sin signal
winding, and the cos signal winding, respectively, for tooth
i. Ngprax and Ngpq, are the maximum number of turns for
the excitation winding and the signal winding, respectively.
P,, is the number of pole pairs of the winding, and z, is the
number of stator slots/teeth. It is worth mentioning that
overlapping winding is considered for the proposed
resolver, which means that all excitation, sin, and cos
windings are present in each slot.

Stator Slot

Excitation Winding

Supuim jeusis

(b)

Fig.1: Proposed resolver configuration a) stator and
winding b) mover (variable air-gap)
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3. ANALYTICAL MODELING OF THE RESOLVER

To evaluate the resolver's performance, the Magnetic
Equivalent Circuit (MEC) method is utilized. Initially, the
reluctances of fixed components, such as the teeth and yoke,
are computed. Next, the reluctance of the air gap is
determined as a function of the moving part’s position,
allowing for the calculation of variable reluctances at each
time step. Based on the resolver's dimensions and position,
the reluctances of various sections are established, forming
a reluctance matrix. In developing the proposed model,
saturation effects are neglected due to the low flux density
in resolvers. Additionally, the model operates under steady-
state conditions. Figure 2 illustrates the reluctances of
different resolver components.

Velexc

Fig.2: Magnetic equivalent circuit model of proposed
resolver

Considering the stator structure, the permeance of the stator
yoke is given by [21]:

Pys = /“T(rii - rozs)/YZs 4

In this equation, y, is the length of a stator tooth and slot,
while 7;; and 7,5 represent the inner and outer radius of the
stator, respectively.
The permeance of the stator tooth is also calculated using
equations (5) and (6).

= 2nwgu/ In (Ta_s) 5

Ptsp stk hss/Z ( )
ras

Dest = 2wt/ In (r_) (6)

os

Here, wy,; is the width of the stator tooth, 7, is the total
height of the yoke plus half the tooth height in the stator, hg
is the height of the stator slot, and 7, is the outer radius of
the stator.
The reluctances of the stator slots are connected in parallel,
so the equivalent permeance of a slot is given by:

HoTt

Dss = 2
6d;, 1 (7
Was X ( A * rr?u‘ne - rii)
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Where A can be defined as:

A =3rgaxe — Sr%axermine + 6rr$1axerr3u'ne (8)
—4art
mine

To calculate the reluctance of the variable reluctance
section, the mover structure is divided along its length into
disks stacked on top of each other. Then, the reluctance of
each disk is calculated integrally, and finally, the reluctance
of the variable reluctance section in the desired region is
determined. Based on the reactance relationship for the disk,
the reactance of a differential disk element is first
calculated:

dz

WByr = 22— 4D + 1))

)

In this equation, 7,, is the outer radius of the variable
reluctance section.

Then, by integrating the above relation over the desired
range, the total reactance is calculated according to equation

(10):
3 10
Ryry = f L dRy, 10y
o

where R, represents the reactance of the mover yoke in
part k, and L,z is the effective length of the mover.

The reciprocal of the obtained value represents the
reluctance of the moving section over the desired length
range. To calculate the reluctance of the air gap, the shape
of the air gap is first simplified by the S-C mapping, and
then the reluctance of each element is calculated using the

following relation [14]:
UoW
dpg; ==—rdg (1)

By calculating the reluctances of the various sections, the
reluctance matrix is computed according to equation (12):

I[ My, ] (Myyer] 0 0 1|

(Myrer]  [Mer] + [Meygs] [Pag]”

| y 4 I 12

M= l _[pag]T [Mts] + [Mtstr] [Mysts] ( )
0 _[Mysts] [Mys]

In this equation, the elements of the desired matrix [m;;]
represent the reluctances connected to the nodes i and j in
the magnetic equivalent circuit of the resolver. In the next
step, the magnetic potential at the different nodes is
calculated using equations (13) and (14).

[Fer] = [T]i o (13)

= A" = M1 14

A [[Ayr][Atr][Ats][ ys]] X [[Ttr]] (14)

Then, the flux passing through each stator tooth is
calculated using equation (15).

[(pts] = [Mysts] X ([Ats] - [Ays]) (15)
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After calculating the flux passing through the stator teeth,
the induced voltage in the sin and cos signal windings is
calculated:

As = [Ts] X [(pts] (16)
A = [Tc] X [(pts] (17)
v, = dAg/dt (18)
v, =dA./dt (19)

Fig. 3 shows the induced voltages in the signal windings
based on the performed modeling.

Induced Voltages (v) - MEC
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Fig. 3: Induced Voltages in Signal Windings Based on the
Magnetic Equivalent Circuit (MEC) Method

As observed from the above figure, the performance of the
designed sensor is as expected. To verify the accuracy of the
modeling, the resolver under investigation is then simulated
using the Ansys Electronics Desktop software, and the
results of the modeling are validated.

A. Validation of Proposed Model

Finite Element Simulation is the most accurate method for
analyzing the performance of electrical machines. However,
due to the significant simulation time, it is generally used
for initial investigation and validation of the conducted
modeling. In this section, to validate the performed
modeling, the results obtained from the modeling are
compared with the results from the simulation.
Fig. 4 shows the voltages obtained from the finite element
simulation. Considering the long simulation time required
for finite element analysis and to increase the simulation
speed, a lower excitation frequency is selected compared to
the Magnetic Equivalent Circuit method.

Induced Voltages (V) 3D FEM

s
b

time(s)
Fig. 4: Induced Voltages in Signal Windings Based on
Finite Element Method Simulation

As seen in the figure, the results from the finite element
simulation and the modeling are consistent in terms of
voltage amplitude and signal phase. Therefore, the
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modeling is highly accurate, and it can be used for further
investigation of other parameters. Table. 1 shows the
comparison between proposed analytical model and FEM.

Table.1: comparison of proposed analytical method and FEM

Analytical Method FEM
Voltage amplitude 954 mv 963 mv

B. Alternative Configurations

As observed in Fig. 1, the excitation and signal windings are
placed in the horizontal grooves of the stator, which are
located on its inner surface. The presence of windings in the
inner grooves complicates the manufacturing process.
Therefore, if the resolver structure could be modified to an
external stator, the manufacturing process would become
simpler. Fig. 5 illustrates the external stator structure of the
resolver under investigation.

Stator Core

(((l

Fig. 5: Internal Stator Structure of the Resolver Under Study

Cos Signal Winding
/X
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Sin Signal Winding

As shown in Fig. 5, the winding process in the external
stator structure is significantly easier.
In both examined structures, the length of the toothed
section is long, while the length of the variable reluctance
section is short. Since in variable reluctance resolvers, one
section lacks windings, simplifying the manufacturing
process allows for making the toothed section shorter and
the winding-free section longer. Fig. 6 (a) and (b) display
the resolver structure with long variable reluctance sections
placed internally and externally. Among the configurations
explored, the external stator resolver with a long variable
reluctance section offers the simplest and most cost-
effective manufacturing process. Therefore, it is chosen as
the preferred structure for optimization studies. By altering
the dimensions of the resolver in the magnetic equivalent
circuit model, the behavior of the external stator resolver
with the long variable reluctance section can be examined.
Fig. 7 shows the induced voltages in the signal windings of
the external stator resolver with the long variable reluctance
section.

As observed in Fig. 7, the change from an internal to an
external stator and the switch to a variable reluctance
section does not significantly impact the induced voltages.
Fig. 8 displays the position error for the resolver under
investigation. To determine the measurement error, the peak
values of the signals are first computed using MATLAB
software, and then the calculated position is compared with
the actual position, determined using speed and time by
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dividing the signal amplitudes and applying the inverse
tangent function.

(®)

Fig.6: Resolver Structure with Long Variable Reluctance
Section a) Outer Stator b) Inner Stator

Induced Voltages (v) - Inner Long Mover

1.5
1

05

1 N i m'||||l 1l ! ||||, ,|l||m "
”IHH ] ||H ”H‘ i "I||1‘ ‘

signal voltages (v)

15 : i . ;
0.005 0.01 0.015 0.02 0.025

time(s)
Fig. 7: Induced Voltages in Signal Windings of the Inner
Stator Structure with Long Variable Reluctance Section
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Fig. 8: Measurement Error in the Inner Stator Resolver with
Long Variable Reluctance Section

4- End Effect

Due to the asymmetry in the magnetic equivalent circuit of
linear machines, their performance is influenced by
longitudinal end effects. In resolvers, the presence of these
end effects leads to an increase in measurement errors.
Therefore, it is crucial to develop methods that can
compensate for these end effects, reducing the resulting
errors. In the following section, to minimize measurement
error, optimization of the variable reluctance section
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structure of the resolver is carried out using the magnetic
equivalent circuit method.

4-1- Optimization

In variable reluctance resolvers with an air gap length,
modifying the number of protrusions in the variable
reluctance section alters the number of poles, thus impacting
the resolver’s performance [6]. In the resolver under study,
to reduce the end effect and improve accuracy, the number
of protrusions is varied from 1 to 11. The measurement
accuracy of the resolver is then evaluated for each
configuration [15]. Fig. 9 (a) and (b) show the maximum
and average absolute measurement error of the resolver as
the number of mover protrusions changes. As observed in
these figures, among the various configurations, the mover
with five protrusions provides the highest accuracy and the
lowest error.

)

0 o
=3 =
= =

-
=
=

Position Error (mm.

1 3 5 7 9 11
Rotor Salients

(a)

AAPE

1 3 5 7 9 11
Rotor Salients

(b)
Fig. 9: Measurement Error for Different Numbers of
Projections a) Maximum Position Error (MPE), b) Average
of Absolute Position Error (AAPE)

Fig. 10 displays the physical structure of the variable
reluctance section with five protrusions.

Fig. 10: Mover Structure with Five Projections
Given the increased accuracy in the resolver with a variable

reluctance section featuring five projections, this structure
is chosen for the construction of the practical prototype.
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Fig. 11: Induced Voltages in Signal Windings of the Resolver
with Five Projections

5. Practical Prototype Construction

To evaluate the performance of the resolver, a practical
prototype was built and tested. Based on the optimization
results, the tubular resolver with five projections was
constructed as the optimal resolver. Fig.12 shows the
constructed resolver. It is important to note that, in order to
simplify the winding process, the internal stator structure
was selected for the construction of the practical prototype.
As illustrated in Fig. 12(b), the stator features excitation and
signal windings on its outer face. The mover, in contrast,
has no saliencies on its outer face; instead, its saliencies are
positioned on the inner face. Furthermore, the mover is
designed to be longer than the stator.

(b)

Fig. 12: Practical prototype of the inner stator resolver
with five projections a) Slotted section b) Reluctance
variation section

As depicted, the test system includes a function generator
supplying a 5 kHz excitation voltage. Linear motion is
achieved using a DC motor powered by a DC source. The
induced voltages in the signal windings are transmitted to
MATLAB software, where signal envelopes are computed.
The resolver-determined position is calculated by dividing
the envelopes of the two signals and applying the arctangent
function. To measure the resolver's positioning error, the
calculated position is compared to the position provided by
a linear encoder.

Experimental results indicate an average absolute
measurement error of 47 pm, closely matching the modeled
result of 43.6 um for the resolver with five projections. This
demonstrates strong agreement between the modeling and
practical prototype results.
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Fig.13: Experimental test

6. Conclusion

In this study, the structure of a tubular linear variable
reluctance resolver with varying air gap lengths was
investigated. A magnetic equivalent circuit (MEC) method
was employed to evaluate the resolver's performance. The
accuracy of the MEC model was validated by comparing its
results with those obtained from finite element method
(FEM) simulations.

Given the high computational speed of the proposed
analytical method (MEC), various resolver configurations,
including long mover and outer mover designs, were
analyzed. Taking into account both accuracy and
manufacturability, the optimal configuration was selected.
Given the impact of mover protrusion count on the
performance of variable reluctance resolvers with air gap
length variation, the measurement error was analyzed for
different numbers of mover protrusions. A comparison of
errors across various resolver configurations revealed that
the resolver with five protrusions exhibited the lowest error,
with an absolute average position error of 43.6 pm.
Consequently, this configuration was selected as the
optimal design, fabricated, and subjected to practical
testing.
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