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ABSTRACT

This paper aims to enhance the performance of the existing non-overlapping variable reluctance resolvers (VRRS) to obtain

more accurate position signals by optimising the stator excitation teeth using genetic algorithm (GA). For this purpose, first, the

principles of operation in non-overlapping VRRs are demonstrated using a magnetic equivalent circuit (MEC). Then, the MEC

model is utilised to verify the principles of incorporating narrower excitation teeth in the non-overlapping model. The modified

MEC provides a fast and sufficiently accurate model, so it is employed in the optimisation phase where GA is used to determine

the optimal dimensions for the teeth. Following the MEC optimisation process, the proposed resolver is simulated and

compared with a conventional equal teeth model using the finite element method (FEM). Finally, the proposed model with

narrower excitation teeth is prototyped and tested. Results from MEC, FEM and the prototyped resolver confirm the effec-

tiveness of the proposed model and validate the feasibility of using narrower excitation teeth to improve resolver's accuracy.

1 | Introduction

Rotor position is a key factor in coordinating servo motors in
automation systems and controlling modern vehicles for less
torque ripple and smoother performance [1]. Typically, position
can be measured using either encoders or resolvers. Encoders
are widely used across industries because of their acceptable
accuracy, ease of manufacturing and simple signal processing.
However, because encoders rely on optical methods for position
detection, their performance degrades in harsh operating con-
ditions such as mechanical vibration, humidity, noise, extreme

temperatures and dust [2, 3]. In contrast, resolvers use magnetic
fields for position detection, making them more robust in such
challenging environments [4].

Resolvers can generally be classified into three types based on
their configuration: wound rotor, variable reluctance rotor and
printed circuit resolvers [5, 6]. All three types can be further
categorised based on the direction of their magnetic field into
axial, radial and linear types [7, 8]. Axial resolvers are commonly
used in more electric aircraft and show higher fault tolerance
under conditions such as eccentricity [9, 10]. However, the
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complexity of rotor manufacturing, especially in high number of
poles, limits their commercial application [11]. Linear resolvers
are suitable for applications with linear motion [12].

Radial resolvers, because of their versatility, are the most
commonly used type across industries. In wound rotor resolvers
(WRRs), the excitation winding is placed on the rotor and fed by
a rotary transformer (RT) or a set of slip rings (SR) and com-
mutators. The use of RTs and SRs increases the likelihood of
faults due to wear over time [13]. Additionally, the
manufacturing and maintenance of the tertiary winding are
intricate. PCB resolvers, on the other hand, benefit from simple
configuration but perform poorly in the presence of electro-
magnetic harmonics. Nevertheless, variable reluctance resolvers
(VRRs), with their solid, winding-less and without RTs rotor are
thinner and easier to manufacture than their WR counterparts.
However, placing two signal coils and an excitation coil on each
stator tooth creates issues like lack of winding space, stator
asymmetry, coil damage and winding complexity.

To overcome these challenges, a non-overlapping winding
model was introduced in Refs. [14, 15]. This winding method
offers two key advantages. First, each stator tooth is dedicated to
a single coil, separating the signal coils from the excitation coil.
This leads to higher accuracy, simpler winding and more space
for each coil. Second, both the excitation and signal coils have a
constant number of turns. This winding model can be applied to
different combinations of stator/rotor pole pairs. A higher
number of rotor poles increases accuracy, whereas fewer poles
are better suited for high-speed applications. Among the
possible combinations, the 12/5-X configuration is the most
commercially viable, offering a balance between accuracy and
speed. As a result, the non-overlapping 12/5-X VRR configura-
tion has gained significant attention in different literatures.

Some studies focused on optimising the winding, comparing
different winding diagrams and methods for non-overlapping
winding mathematically [16-18]. In Ref. [19], an outer rotor
configuration with non-overlapping winding is proposed and
investigated, using the same 12/5-X combination that demon-
strated accurate position detection. In Ref. [20, 21], a permanent
magnet (PM) model based on this concept is introduced, where
the signal windings are replaced by Hall sensors and the exci-
tation coils are replaced by PMs. This PM model performs better
in high-speed applications because of DC excitation. A slot-less
PM resolver is presented in Ref. [22], simplifying the
manufacturing process. Some studies focused on rotor optimi-
sation. In Ref. [23], the rotor contour is optimised to minimise
position error by adjusting the air gap reluctance.

Among all the models presented, however, the shape of the
stator was never investigated closely. In previous studies, slot-
opening width was the primary parameter used to represent
the teeth with all excitation and signal teeth considered to be
equal. As a result, with changing one parameter, the best
dimension was found. There are, however, several stator
configuration optimisation methods used in electrical machines
that could be adapted for VRRs. Unequal teeth configuration
(UNET) has been applied to create more desirable flux paths in
machines with asymmetric stator teeth [24-26]. In Ref. [24], the

non-overlapping winding is applied on a permanent magnet
synchronous machine and analytical method was employed to
predict and understand the back-EMF behaviour. In Ref. [25],
the same approach was employed to optimise unequal teeth
segmented permanent magnet machines. In Ref. [26], the
analytical approach is used in unequal teeth structure to reduce
electromagnetic vibration in Vernier machines. To the best
knowledge of the authors, this method was never used for re-
solvers. Therefore, the following steps are taken in this paper for
the stator optimisation:

e The principles of using UNET configuration in resolvers
and its effectiveness are investigated by MEC and flux lines
plot.

e Rather than using the slot opening parameter, two pa-
rameters are used to optimise excitation teeth.

e Excitation and signal teeth are optimised separately.

In the optimisation phase, all the aforementioned studies used
either MEC or FEM for their optimisations. Several studies have
focused specifically on MEC models for VRRs. In Ref. [27, 28],
an accurate MEC is represented with much faster simulation
time and acceptable accuracy. This model is expanded for ec-
centricity analysis and nonlinearity modelling [29]. The authors
in Ref. [30] used Schwarz-Christoffel mapping to map the teeth
in MEC models. In this paper, a modified MEC model for ac-
curate teeth demonstration is needed and represented. The
MEC model is chosen to enable fast evaluation and simulation
of the model. This facilitates performing a higher number of
iterations in a shorter time. The MEC modifications are as
follows:

e Every tooth is modelled with three flux paths rather
than one.

e The reluctance of each tooth is represented by six segments.

e Genetic algorithm (GA) is employed to optimise the seg-
ments of each tooth.

However, FEM can simulate the model with high accuracy.
Therefore, after analysing the model using MEC, the results
were also verified using FEM to validate the effectiveness of the
proposed model. This paper follows this outline: first, the pos-
sibility of creating a resolver with unequal teeth with MEC
model of the proposed resolver is presented to study the effects
of unequal teeth on flux distribution and inductances. After-
ward, modified MEC model is represented, and optimisation
variables are formulated mathematically. Then, GA is used to
carry the optimisation and find the best solution. Then, the
optimal configuration is simulated using FEM to ensure the
effectiveness of the proposed resolver, and finally, the results are
verified by experimental tests.

2 | Principles of Studied Unequal Teeth Non-
overlapping Resolvers

Variable reluctance resolvers (VRRs), like any other machine
topology, consist of a rotor and a stator. The rotor is a solid
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symmetric ferromagnetic component mounted on the shaft,
synchronizing it with the main machine. Rotor has a unique
salient sinusoidal shape and can be manufactured with different
poles such as (1,5,7)-X shapes. This sinusoidal shape generates a
variable magnetic field in the air gap. The rotor can be expressed
as Equation (1) and shown in Figure 1a.

a
o= B + cos(pb) @
where «a is the length factor, § represent the shape factor, p is
number of pole pairs and 6 is the rotor angle. The value for
a and § are chosen 1.3 and 1.5, respectively, according to
[15]. The stator is composed of laminated ferromagnetic
layers and windings. The stator used in this paper has 12
slots but a different number of slots can also be utilised. In
12-slots configuration, 4 slots of the stator are assigned for
the excitation and remained 8 slots are divided to sine and
cosine signal windings. The key difference between the pro-
posed UNET configuration and the conventional one is the
size of the excitation teeth. As it is shown in Figure 1b, the
proposed UNET VRR has narrower excitation teeth, whereas
in the conventional one, all teeth are equal. The winding
method employed is non-overlapping with the same number
of turns for signal coils and excitation [15]. Signal coils
consist of two separate electrically perpendicular sine and
cosine coils and their directions are shown in Figure 1b. The
same winding method is also utilised for the proposed UNET
configuration.

The excitation coil is fed by a high-frequency (HF) source as
represented in Equation (2) which creates variable air gap flux

between the stator and the rotor.

Viy = Vi sin(wt + @) )

where Vg, is the amplitude of excitation voltage and w is the
angular frequency. Figure 2 shows the excitation signal used to
feed the resolver.

The variations in flux are directly related to the rotor's geometry
and saliencies, leading to changes in the magnetic field within
the two perpendicular signal windings. This orthogonality
generates two perpendicular signals with different values at
every position of rotor position, which can be calculated using
Equations (3) and (4):

Veos = ANsjgtop, cos(PO)sin(wt + ¢) 3)
Viin = ANsigwp, Sin(P6)cos(wt + ¢) 4)

where V;,, Veos and Vi represents the maximum voltage of the
excitation coil, cosine and sine voltages, respectively. A is the air
gap flux created by the excitation coil, N is the number of
turns in the signal coils and ¢ is phase shift between excitation
and signal windings. In the next step, using Hilbert trans-
formation the value of the envelope function of Equations (3)
and (4) are expressed by Equations (5) and (6).

vEr = ANgjgw,, cos(PB) (5)

cos

VE! = ANggwp sin(P6) (6)

sin
VER and VE' represent outputs of the Hilbert function. Rotor
position can be extracted using inverse tangent as Equation (7).

En

1%
6= ArctanVLE‘;f 7

sin
The flowchart for the operation of the resolver and computation
of the position is shown in Figure 3 and the geometrical and
electrical parameters of the studied resolver are given in Table 1.

Two indicators, maximum position error (MPE) and average
absolute position error (AAPE), are widely used for the com-
parison between resolvers and can be calculated using Equa-
tions (8) and (9).

1 N

AAPE = N Z |eaCtUaLi_emeasured,i| (®)
i=1

MPE = max|6actual —Omeasured| ©)

5 volt, 5SKhz, Sin

N~
h
=

putVoltage [V]
=]
3

=-2.50
(b) - PRI
FIGURE1 | Conventional and proposed variable reluctance resolvers -5'08.00 2.00 4.0_0r . 6.00 10.00
with non-overlapping winding. (a) 1-X, 5-X and 7-X rotor configuration. e jms]
(b) Stator of the proposed and conventional VRR. FIGURE 2 | Excitation signal given to excitation signals.
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start

Feed HF to
Excitation(2)

:_ Resolver |
| I
| I
| Induce HF Cos Signal (3) | Induce HF Sin Signal (4) :
I L T J
RDC inputs
| 2 1
| Resolver to Digital Hilbert |
Converter(RDC) function(5),(6) |
I
| |
g g I

Rotor Position (9)

FIGURE 3 | Flowchart of calculating position.

TABLE 1 | Resolver's geometrical and electrical parameters.

Stator/Rotor parameters

Stator outer diameter 37 mm
Stator inner diameter 26 mm
Yoke diameter 2.5 mm
Stator/rotor poles 12/5 poles
Max/Min rotor diameter 25.4/24 mm
Rotor shaft diameter 12 mm
Stack length 8 mm
Excitation parameters

Excitation frequency 5 kHz
Excitation voltage 5 volts
Excitation coil turns 70 turns
Signal coil turns 70 turns

Winding model Non-overlapping

3 | The Effects of Utilising UNET

This section outlines the principles for the proposed UNET
resolver and compares the proposed model with the conven-
tional model by a simplified MEC model. According to Figure 1,
every stator can be divided to 4 identical quadrants with one
excitation tooth and two signals. VRRs can be ideally repre-
sented by self and mutual inductances using Equation (10).

Apx Lex(0) Mg c(6) Mg s(6) ipx
[ Ac | = [Mc,Ex(G) Le(©)  Mcs(6) ] * [ ic ] (10)
As Mspc(6) Msc(6)  Ls(0) is

where 4, i, L and M are linkage flux, current, self-inductance and
mutual inductance, respectively. The signal coils in the resolver
are connected to a RDC with a very high resistance, resulting in
ic = iy = 0. Therefore, Equation (10) can be simplified as
Equation (11):

Agx = Lpx(0).igx
/10 = M,Ex(e)- i (11)
As = Ms px(o)-is

In practice, based on Figure 4a,b, where only one excitation pole
is fed by a HF signal, the quadrants are not separated magnet-
ically, and there is a mutual flux between two subsequent
excitation poles. Therefore, a more accurate matrix can be
expressed as Equation (12) where the mutual fluxes between all
teeth are considered. The whole flux lines, when all four exci-
tation teeth are fed, are also shown in Figure 4c.

Lpa M, Mg MEgy1exio Minn Mig ]
My Loz Mg Mo Mo Mg
M1 M, Lss Mz Mzn Msa
: . : 12)
Moy Mz Mips Lexo Mpxs Mexs
My, Mgys Mgxs Meys Lenn Mexs
| Mi21 MEexs Mps Mgys Mgys Lsiz

Mutual inductance between two excitation poles can be written
as Equation (13).

uN?S
L

M=

13)

where M is mutual inductance, u is permeability, N is number of
turns, S is area and L is distance between two coils. According to
Equation (13), narrowing the width of the excitation teeth in-
creases the length L which in turn leads to a decrease in the
mutual inductance M. Therefore, the arrays shown in red in
Equation (12) are affected by narrowing the excitation teeth
resulting in more ideal-like resolver in which more flux passes
through signal windings.

4 | MEC Analysis of the Proposed Resolver

The MEC model for the proposed UNET configuration is rep-
resented in Figure 5. In this model 2N; flux passes are used to
accurately model the resolver. Every flux path reluctance is
shown by Ri; where i is the number of zone and j is the number
of node where the path is located.

4.1 | Mathematical Model
According to this model, following Equations (14)-(21)
Kirchhoff's circuit laws (KVLs and KCLs) can be applied to
obtain magnetic equations.
Stator equations are given as follows:

[Rel.[r;] =0 14

where

R1; —R2; R2; —R3; 0 0 1 0
[Rs] — i i i+1 i (15)
0 0 0 R3; —R4; R4iy1 1 -R5;
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Q» 7 Excited pole

A [Wb/m]

2. 7A3E-0a7
. 2.397E-007
2.091E-2a7

1.785E-0@7
1.479E-0@7

1.173E-0@7
8. GEEE-D@SE
5. 6B5E-0@8
2. S4UE-DAS5
-5. 164E-009
-3.577E-008
-6, 638E-008
-9, 699E-0@8
-1, 276E-0@7
-1, 582E-0@87

©

FIGURE 4 | Flux analysis for VRRs. (a) Flux between two excitation
poles when only one tooth is excited. (b) Flux vectors with only one
tooth being excited. (c) Flux lines in a fully excited resolver.

Signal Tooth

Excitation Tooth
(narrower)

[r]=[eli 920 921 93 ¢4 Riy f 95]"  (16)

Airgap equation is given as follows:

R5; Ul
[0 <p6z+1] [0 —ZG(UL, Us1) [ l+1]_0 a7

Rotor equations are given as follows:

[R:1[®.] +[BI[U]=0 (18)

where
_ | —R6; R6;1  R7; 0 0 0
[R’]_[ 0 0 —R7; R8; —R8. RY; (19)

[o,]=[96i @611 @7 @8

w101=[ 7o || o | 1)

where ¢i; is the flux for Rij, f is magnetomotive force of exci-
tation teeth, Uj is the potential of ith node and G represents the
gap function. It is worth mentioning that the number of zones
and nodes can be changed to obtain desirable accuracy. By
adding exciting according to Equation (2), electrical equation
can be written as Equation (22):

P81 99 ]"  (20)

dAgx
dt

VEx — ViEx = (22)

To solve Equation (22), different numerical methods can be
used and Euler method is used in this paper based on
Equation (23).

Signal Tooth

Total Nodes:
| NO‘M‘ (2n5)=24

Ra Zone 3:R32ns

Nodc6 | Nodcs Noded ] Nodc3 ] Node2
R'\l/: Rh 1}\}‘3 R'VJZ Zone 1: Rlans
2% , R2. 2 f
a2 b2 ¢ Ro: a % R2 asS b3 e Rzg Zone 2:R22ns
g R&

o  I0jeyg

i

= |
R4 é Ruas R-hé Zone 4:Rdans
= M — Zone 5:R52ns
, o — =
Us1® U ® v ®

4l Zone 6: RO

Zone 7:R7 s

Zone 8: R8s

Zone 9:R92ns

FIGURE 5 | MEC model for excitation and signal windings.
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lkﬂ _ /1k
Ve —rik = % = A =25 + AV, —rik)  (23)
where At is the MEC step time and should be small enough to
yield accurate results. As it is shown in Figure 5, the middle
tooth (Node4) is narrower than other two signal coils. The flux
tube in excitation teeth is described in more accurate model by

iron segment of the teeth decreases and narrower teeth is
achieved. Teeth saturation based on the B-H curve for steel-
1010 limits the minimum of a.

According to Figure 6, reluctance for different parts can be
modified as Equations (25)-(30):

three reluctances for the further optimisation. Therefore, the Rg) = Whody (25)
equivalent reluctance for each excitation tooth is described as u(@) * (htip * ls)
Equation (24). .
o = 'b;dyl (26)
1 1 1 -1 ,Ll(l) * (Wbody * s)
R23 o =—+—+— 24
3n-2 <Ra+Rb+Rc> (24) -
Rga= #ml (27)
in which Ry, R, and R, are three reluctances in parallel. 3n-2 H(@D) *( tip * S)
term is specifying the excitation teeth.
h
o= (28)
o u(i) * (37 + )
4.2 | Stator Teeth Optimisation s
In order to optimise the dimensions of the proposed resolver, a Ry = iip (29)
params}trlc r.nodel for excitation and signal teeth is regulred. u(air) * (Zﬁf — Woody — 2Wtip) " ls)
The dimensions of the resolver can be expressed with the ‘
hbody hbody
- - N e 3n — 2 (narrower teeth)
u@) (@) p(air) « (wgp — a) = L)
55,6 = (30)
hyody Pody

u(i) 3 (0.8wgp * L) + pair) = (0.2wyp ) * k)

defining separate segments for excitation and signal teeth
shown in Figure 6. Yoke and segments (S1-S4) are chosen iron
and are the same size for both signal and excitation teeth.
However, segments (S5-S6) undergo the optimisation. In this
optimisation, the parameter a changes, and the error is
calculated based on Figure 3. By increasing the value of a, the

r i
| Wooay/hvosy - width/Height of the stator teeth L~ Stack length :
| W) okel h}m -width/height of the stator yoke o |
o N ) & - Optimization parameter |
| lep/hlip— width/Height of the stator teeth tip |
|
|

: Woirgap = width of the air gap between two teeth

Wioke Ls
Yoke Yoke I hyoke
S10 S6 | S2 | S5 S8 I Hoooy
S9 S3 |s1|s4| 7 Ih.ip
> g
Whod Wip Woairgap
- Air
A1r<__ > Iron— |

FIGURE 6 | Excitation teeth segments for the optimisation.

N ¢ 3n — 2(signal teeth)

Reluctances Equations (25)—(29) represent constant reluctances
for every tooth, defined by the initial geometrical parameters
provided in Table 1. In Equation (30), two terms are defined for
the excitation and signal teeth. The first term represents the
geometry of the narrower excitation teeth (teeth numbers 2, 5, 8
and 11), whereas the second term corresponds to the signal
teeth. By replacing the stator teeth dimensions into the MEC
equations, the following equation can be calculated:

o=[f]*[z]" (31)

where z is impedance matrix. The excitation winding is fed by
Figure 2 and represented by f. ¢ is the flux passes through each
signal winding.

4.3 | Optimisation Algorithm

Based on the mathematical model of the teeth in the MEC model,
different algorithms can be utilised in the optimisation stage.
Among all, genetic algorithm (GA) shows accurate modelling in
machine design. GA is applied and the optimisation is based on
Figure 7. Results of the GA optimisation are presented in Figure 7.
Based on the principles of GA in Figure 7b in every iteration,
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| Initial model parameters (S1-510) |

| Generate Initial Population(a) |
L

| Calculate Reluctances(25)-(30) |<7

L
| Update Impedance Matrix(31) ‘

" MinError: 0.138 .~

0.14 o, SRR

7 3

Compute the objective function(min error)

v
Select the best-performing candidates for the next
generation
O
Crossover and Mutation
Apply genetic operators to create new candidate solutions
S

0 5 10 15 20
ith sample for a

a

criteria arce nt?
| eriteria are met? ‘ NO

YCS
End

b

FIGURE 7 | GA used for the stator teeth optimisation and the results. (a) GA output for every iteration. (b) Applying GA to the MEC model.

impedance matrix is changed based on the reluctances obtained
from Equations (25)-(30).

According to Figure 7, the lowest error occurred in a = 0.127 mm
and larger values for a saturated the resolver which resulted in
higher error. The proposed model with the optimised excitation
teeth is then simulated, and Figure 8a represents the sine and
cosine signals and the correspondent envelopes. Figure 8b shows
the THD value of the proposed optimised model and conventional
model and harmonic content of both models.

In order to obtain the envelope of the signals, high frequency
signals should be demodulated. Hilbert function is used to filter
the high frequency and extract the envelope of the signal.

5 | FEM Analysis of Proposed Resolver and
Comparison

FEM-based simulation is another powerful tool for optimisa-
tion. Various software packages provide FEM analysis and help
simulate and check the results of MEC. However, FEM simu-
lations can be time consuming, especially when combined with
GA optimisation that involves large population sizes and many
iterations, leading to significant CPU demand; but with defining
stator poles in cylindrical reference and expressing excitation
pole length in degrees with limited number of samples, the
accuracy of results can be checked.

5.1 | FEM Optimisation

By defining a variable parameter (X) for the teeth length, the
excitation tooth width can be adjusted by changing X from 12°
to 26° in 2° increments. The minimum angle of 12° is selected
based on the smallest tooth size before the resolver reaches

saturation, whereas the maximum angle of 26° represents the
largest tooth pitch where signals from two signal poles intersect.
In order to obtain the optimal value of this parameter, the
simulation is performed using sensitivity analysis by defining
the size parameters in the resolver in Maxwell software. The
same approach is applied for the signal windings. In this case, to
optimise the signal poles, the parameter (Y) was chosen for the
optimisation. Therefore, the angle of the stator can be changed
between 12° and 26° with 2° step. The results are shown in
Figure 9. The comparison between MEC simulation and the
FEM is shown in Table 2.

In the proposed model, an angle of 20° for the signal poles and 14°
for the excitation poles results in the least error. Figure 10 shows
the schematic of the optimised UNET resolver. To enable fair
comparison, all fundamental parameters—such as the excitation
signal values, number of windings turns and input waveform—
are kept identical to the conventional resolver model. Addition-
ally, the winding model, mesh settings and time step used in the
simulation are the same for both models. Based on the flux dis-
tribution analysis, the flux lines in the proposed resolver pass
through the signal coils more effectively than in the conventional
model. Although there is nearly zero flux under the horizontal
excitation poles in the UNET configuration, the conventional
model exhibits uniform flux distribution under all four poles. This
leads to less mutual effects between excitation coils which is ob-
tained by narrowing the excitation teeth. The magnetic flux
density (B) distribution for the proposed UNET is also presented
in which the same zones with less flux lines have less density. The
mesh model applied to the proposed resolver with shorter length
for the airgap and teeth is shown in Figure 10 as well.

The self-inductance of the excitation winding and the mutual
inductance between excitations and signals of the proposed and
conventional resolvers are affected by the narrowing of the
excitation teeth. Figure 11 compares the two resolvers from the
inductance perspective. The results indicate that narrowing the
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TABLE 2 | Comparison between MEC and FEM simulation. o D/l
Parameter FEM MEC e Poyh 9L X
Time step 16-006 (5) 16006 (5) | & e /S ¢
1.479€-007 & @ -
Number of samples 25 25 14738007 =,
8. 666E-008 = - -‘ -
. S =
Accuracy parameter Mesh (airgap) = 0.1  Zones = 9 l;_,fffij';ﬁ o o 2y -
_ -5. 164E-009 &% = >
Mesh (Resolver) = 1.5 Nodes = 24 piepes " & O 5o N
Simulation time 470 minutes 27 minutes ij;j‘jiiﬁf .21 B
Optimisation method SA GA S UNET Flux line Conventional Flux line
B [teslal
MPE 0.138 0.14 o
1. 99E-00S
AAPE 0.045 0.047 |
1. 6OE-00S
1. 48E-00S
1. 266.005
1. 14E-085
teeth reduces self-inductance of the excitation winding, whereas o 2 &

. i . : >
the mutual inductance between the excitation and signal iooed Avgf,{)%;v;“
windings remains almost unchanged. v 57-c06 ST P

= S B
Figure 12 illustrates the results of mutual inductance between 2 30t 009
gure 11lustrates € resuits o utua uctance betwee 2. 36€-009 UNET B MESH for the UNET

excitation and signal windings calculated by FEM and MEC for
the proposed model. It can be seen that there is negligible dif-
ference (62.4nH) between the results of the proposed MEC
model and the FEM results. This validates the accuracy of the
proposed MEC model.

Figure 13 provides a detailed comparison of the self-inductance of
the proposed and conventional resolvers as calculated by both

FIGURE 10 | Applied mesh, flux lines and field for the proposed
resolver model.

FEM and MEC. The results show that the self-inductance of the
excitation winding decreases from 6.81 to 5.66 mH in the pro-
posed model. This reduction in self-inductance indicates
that more flux lines circulate through the air gap, potentially
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FIGURE 11

FIGURE 12

FIGURE 13

enhancing sensitivity to rotor position and thereby reducing po-
sition error. Another notable difference between the proposed
and conventional models is the variation in inductance which is
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higher in the proposed model. This increased variation reflects
greater sensitivity to rotor reluctance changes, resulting in
improved accuracy.
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As it can be seen from Figures 12 and 13, the mutual and self-
inductances are similar in both the MEC and FEM models.
Therefore, the output signals and as a result the envelopes and
the accuracy of both models will be similar. Thus, hereinafter
the FEM model will be used to evaluate the performance of the
proposed model.

5.2 | Performance of Proposed Resolver

The output waveform of the sine and cosine signals of the stator
winding over one and a half full cycle of rotation is shown in
Figure 14a. Figure 14b shows the zoomed-in view of the same
output, highlighting the overlap between sin and cosine signals.
Figure 14c depicts the excitation current.

Figure 15 shows the out envelope of sine and cosine winding. To
obtain the envelopes of the sine and cosine windings, the Hil-
bert transform is used, and by taking the absolute value of the
analytic signal, the envelope of the signal is determined. This

approach is advantageous for accurately demodulating signals
as it preserves phase information while effectively filtering high-
frequency signal. The resulting envelope provides a clean rep-
resentation of the modulated signal. Based on the outputs of the
Hilbert function, the proposed resolver exhibits a 0.013-degree
improvement in resolver position detection compared to the
conventional model.

=
n
1

=
&
)
3 0
c
> 05
-1 o ' 1
0 60 120 180 240 300 300 360
Position(degree)
FIGURE 15 | Envelopes of signal windings in proposed resolver.
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Comparing the sinusoidal and cosine waveforms of the pro-
posed resolver with the conventional resolver can be chal-
lenging. To enhance visual comparison, plotting both
waveforms on a single graph is useful. Figure 16 displays the
sine and cosine envelope functions and the FEM outputs for
both resolvers. In Quadrant I, the high-pass sinusoidal and
cosine functions are plotted together. In Quadrant II, the high-
pass sinusoidal function is compared with the low-pass cosine
function, whereas in Quadrant III, the symmetric counterpart is
shown. Quadrant IV presents the low-pass sinusoidal and cosine
functions side by side.

Figure 17A shows positions of the proposed and conventional
resolvers. Based on the outputs by subtracting the actual value
from the ideal value, Figure 17B is obtained in which the MPE

of the resolver is 0.138° and its AAPE value is 0.047°. This in-
dicates that the maximum error reduced by 0.068° (49.2%), and
the average error has improved by 0.013° (25.8%) compared to
the conventional resolver.

5.3 | Performance Trade-off

Comparing the results of Figure 16 shows that the amplitude of
the proposed resolver is lower than that of the conventional one.
This is primarily because of the reduction in inductance of the
proposed resolver as shown in Figure 13. The reduction in
signal amplitude is 11% compared to the conventional resolver.
However, this reduction in amplitude can be neglected as it has
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o
T

sine envelope
o
I
|
I
|
|
|
|
|
|
I

——Conventional model

ideal

cos envelope

FIGURE 16 | Envelope output of signal windings in proposed resolver and signal windings outputs.
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a minor effect on the resolver's performance. The minimum
amplitude voltage required for most RDC converters is between
2 and 5V, and the proposed model can provide sufficient
amplitude within this range. Furthermore, the AAPE and MPE
of the resolvers, which are key performance metrics, have
improved. Therefore, the accuracy has increased at the expense
of the signal amplitude.

6 | Experimental Results

The proposed optimised unequal teeth configuration was pro-
totyped to validate the results of the simulation. Figure 18 shows
the stator and rotor of the UNET configuration together with the
stator after being coated by epoxy for safer winding process.
Using epoxy instead of mylar paper also provides more space for
winding and ensures symmetric winding. Four fins are included
to simplify the assembly. A non-overlapping winding is used,
and a case with a cap is designed to securely fix the resolver. The
resolver is mounted on the shaft of a DC shunt motor. The test
bench setup is shown in Figure 19.

According to Figure 18, the proposed stator has narrower
excitation teeth which are 1.1 mm narrower than those of the

. .
= s

Narrower teeth

Stator coated in epoxy I

i w »
[ AL

Stator Laminations

Cap

g /4 Sta‘

g tor Case

FIGURE 18 | Prototyped resolver.

£ -
.t DC Shunt Motor+dynamometer

FIGURE 19 | Test bench for the experimental test.

conventional model. Considering the accuracy and tolerance of
the wire cutting machines, which is = 0.001 mm, the same
procedure can be applied in the manufacturing of the proposed
model. The excitation winding is fed by 5-V 5-kHz sine
waveform using the function generator as it is shown in
Figure 20.

Both signal windings are connected to oscilloscope and output
signals are displayed in Figure 21. In order to check the per-
formance of the resolver in wide range of speeds, the resolver
underwent under test at 300 and 800 rpm. The output signals
of both channels together are shown to demonstrate the
symmetric performance of the UNET resolver under 300 and
800 rpm.

In order to calculate the inherent error of the prototyped
resolver, the set up with constant speed is controlled and the
ideal position of the rotor is considered as the reference rotor
position. Based on the experimental outputs, the MPE of the
resolver is 0.148°, and its AAPE value is 0.0478° which are in
close agreement with the simulation results. In order to check
the amplitude accuracy of the resolvers, sine and cosine wave-
forms are plotted, similar to Figure 16, in Figure 22. The circular
shape of the plot ensures the accuracy of the proposed model
under both speeds.

Figure 23 compares the accuracy of the resolver by MEC, FEM
and experimental results. Figure 23 shows that the experimental
results are in close agreement (less than 8% difference) with the
simulation results.

7 | Conclusion

In this article, a non-overlapping reluctance resolver featuring
narrower excitation teeth in the stator is proposed and proto-
typed to enhance performance. First, a UNET configuration is
applied to the stator using a non-overlapping winding method,
and the effectiveness of this approach is investigated. Next, the
size optimisation of the excitation teeth is explored using a MEC
model with a detailed mathematical representation. The exci-
tation teeth are modelled using three flux tubes and six seg-
ments for optimisation. Genetic algorithm is employed to
determine the optimal dimensions of both the signal and exci-
tation teeth while maintaining resolver symmetry. The proposed
model is analysed to minimise error through FEM simulations.
A comparison of flux lines and performance between the UNET
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FIGURE 20 | Excitation signal with time. Div = 50 ms and 100 ps.
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FIGURE 21 | Sine and cosine signals outputs. For 300 and 800 rpm. (a) Signal winding outputs (300 rpm, volt div. = 1 V and time div. = 50 ms) (see
Figure 14b). (b) Sine and cosine windings from both channels (800 rpm, volt div. = 1 V and time div. = 50 ms) (see Figure 14a).
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FIGURE 23 | AAPE and MPE comparison of MEC, FEM and
experimental results.

and the conventional design is provided. It is shown that
although the inductance of windings improved and higher ac-
curacy obtained, the amplitude of the signal decreased insig-
nificantly. Finally, the UNET resolver is prototyped, and
experimental results validate the simulation findings. The
comparison indicates that the maximum error reduced by 0.068°
(49.2%), and the average error improved by 0.013° (25.8%).
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