Novel Axial Flux Brushless Resolver Analysis
and Optimization using 3D Finite Element and

D-Q Model Method
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Abstract: Resolvers are widely used in electric driven systems especially in high precision
servomechanisms. Both encapsulated and pancake resolvers suffer from a major drawback:
static eccentricity (SE). This drawback causes a significant increase in resolver output
position error (RPE) which could not be corrected electronically. To reduce RPE, this paper
proposes a novel structure with axial flux. Proposed topology, design guidelines,
optimization procedure and several key features to improve the sensitivity of axial flux
resolver (AFR) against SE are studied. Furthermore, to minimize RPE an optimized design
is attained. The machines are investigated in detail by using d-q model and 3D time
stepping finite-element analysis. The results of theses two methods are compared and both
prototype machines (proposed and optimized) are built. In order to evaluate proposed
topologies, an experimental test setup is devised. Finally, the experimental results of the
prototype machines verified the analysis results.

Keywords: Resolver, Static eccentricity, axial flux, Optimization, Time-Stepping 3D-
Finite Element Analysis (3D-FEA), d-q model

1 Introduction

High performance servomechanism and inverter driven
permanent magnet synchronous motors (PMSM) prefer
to use absolute rotor position information which are
produced by electromagnetic and optical [1]. In
conventional servomechanism optical encoders are the
best choice. But, in high precision process resolvers are
preferred because of their thermal stability, Resistant to
environmental pollution, small size, easy installation
and integration with rotating shafts (particularly in
pancake resolvers) [1].

Primary traditional resolvers had brush. But, the
disadvantages of brushes such as noise generation and
need to maintenance, has forced them to be designed
brushless by using rotary transformer [2]. Brushless
resolvers are designed in two types [3]: a) wounded
rotor, which is named conventional resolver (CR), b)
solid rotor, which is named variable reluctance resolver
(VR).
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Crs and Vg, can be manufactured capsulated
(framed) or pancake (frameless) [4-6]. All type of
resolvers either has bearings or installed on a rotating
shaft that, has bearings. All types of bearings (ball-
bearings, roll-bearings, mechanical seals and etc.) have
intrinsic radial backlash which causes static eccentricity
(SE) [7]. As it is shown in Fig. 1, in the case of SE, the
rotor rotates around its own geometric axis, which is not
the geometric axis of the stator (the difference is
proportional to the magnitude of OO, vector).

The reasons that lead to SE may involve many
different factors. It can be caused by [7, 8]: a) Bearing
weakness, b) Unbalanced load, ¢) Bent rotor shaft, d)
Mechanical resonance at critical load and e)
manufacture and assembly tolerance.

Of course, an inherent level of SE exists even in
newly manufactured machines due to the build-up of
tolerances during manufacturing and assembly
procedure. According to ISO492 or ABEC standards
there are at least 1.5 micro meters intrinsic backlashes in
the most accurate bearings which are used in the
military and the spatial servomechanisms. This means
even the accurate bearings have intrinsic SE. These
standards show that the intrinsic SE of the bearing
which used in electrical machines is up to 35 micro
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Fig. 1 The static eccentricity error.

meters. If the eccentricity fault is occurred, it will be
added with the intrinsic SE of the bearings.

The eccentricity will disturb the flux distribution in
the air gap [9]. And, it will distort the output signals of
the resolver [10]. In this condition, the position error of
the resolver can be increased up to 500 Arc Minutes
(more than eight degrees) [7]. It is mentioned in [11]
that, these large position errors occur with the less than
60 micro meters eccentricity level. Therefore, It can be
concluded that, conventional resolvers with radial flux
structure always suffer from a major drawback which is
named SE [7].

Previous researches tried to show the effect of SE on
the accuracy of different type resolvers [7, 9, 11-13]. In
[7] different kind of errors which are resulted from
wrong installation process is classified. Also, [7] has
used experimental tests to show that, the SE may
increase the resolver output position error up to 500 Arc
Minutes (more than 8 degrees). In [9] the effect of
skewed rotor and eccentricity error on the accuracy of a
brushless resolver is studied using 2D finite element
analysis. But, the authors of [9] have expressed that
there is significant difference between measured and
calculated results. Finally, they have justified that their
model is not accurate enough. In [11] the effect of
eccentricity error and air gap length on the accuracy of
the detected angular position of a VR resolver is
investigated using 2D FEM. In this research a relation
between the harmonics of the detected position
waveforms, air gap length and eccentricity error is
determined using non-linear regression method. 3D
FEM is used in [12] to evaluate the influence of the iron
sheet permeability dispersion and rotor eccentricity on
the angular position accuracy of the VR resolver. This
paper presents that 100um SE increases position error
upto 90 Arcmin. Finally, [13] regards the nonlinearity
characteristics of eccentricity on the angular position
error of a VR resolver.

Almost all literatures have studied just the effect of
eccentricity on the resolver's position error and they
have not suggested any solution to decrease the

eccentricity error. In order to reduce the effect of SE
two novel structures are proposed in this paper. The first
one has an axial flux geometry which can reduce the
eccentricity error. This structure is optimized to the
second one who can minimize this error. The
performances of both topologies are calculated using
time stepping 3D FEM and frequency analysis of output
signals. Then, they are constructed and their test setup is
devised. Practical testes carried out by applying
assignable eccentricities and investigating the sensitivity
of proposed structures to these variations.

The following points are resulted from this study: a)
the SE has the minimum effect on the accuracy of
proposed structures, b) there is acceptable accordance
between time stepping 3D FE results and experimental
ones, ¢) using time stepping 3D FEM to study this
sensor was very time consuming process (witch will be
resolved in an up coming paper).

2 Proposed Structure

Resolver, as an angular position sensor, acts like a
synchronous generator with two phases. The field
winding of this generator is excited with high frequency
alternative current (up to 20 kHz, Eq. 1) [14].
Obviously, supplying the field winding with AC
produces two amplitude modulated (AM) output
voltages instead of sine and cosine voltages. Neglecting
the coil resistance and motional e.m.f. terms, the output
voltages can be expressed by Egs. (2, 3) and are shown
in Fig. 2 [12, 14]. The ratio of the output voltages gives
the rotor rotation angle 6, [11-12, 14].

V., =V, sinot (1)
V,, =KV, sin[g emj @)
Vegs =KV cos[%emj 3)

[

0, = gem = Arctan(%) )
Cos

where K is transformer ratio, p is pole number and 8, is
an electrical angle. In the conventional resolvers with
radial flux the static eccentricity even in the range of
some micro-meters causes the strong variation in the
linkage and leakage inductances of rotor and stator
windings [9].

These inductance variations are the main factor
witch increase the resolver detected position error [9,
11-12]. Using magnetic circuit concepts, the inductance
of one phase of the resolver can be written as [15]:

L(6) = K.P(6)
5
P(O) =g [ 42 ©)

where, K: is a constant which depends on the physical
parameters involved (e.g. the number of turns per phase,
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Fig. 2 Resolver signals (a) Exciting voltage (b) Output
voltages.

o
o

the number of teeth per stator pole, etc.), P(0) is the
permeance between one stator and rotor tooth as a
function of position, p0: is permeability of air, dA: is
differential cross-sectional area between the rotor and
stator teeth and z: is length of the flux path between the
rotor and stator.

According to Eq. (5), in proposed structure the
inductances must have the minimum sensitivity from
the SE. This requires a uniform air gap length and a
constant effective iron surface between stator and rotor.

The unique structure whose air gap length and
effective iron surface are not changed with the SE is
axial flux topology (as shown in Fig. 3). This paper
proposes and studies this topology as a novel resolver
structure which is robust against SE.

Proposed resolvers with axial flux structures have
distinct advantages over radial flux ones. Some of these
advantages are their planar and adjustable air gap,
compact construction, better ventilation and cooling.
Furthermore, their rotors are integrated easily with the
rotating parts. On the other hand, this type of resolvers,
because of their short axial length, can easily be adopted
into the construction of various devices and has
advantages in terms of size, appearance, and function.
Finally, in mass production, according to Polard’s
theoretical considerations the AF machine needs 12-13
percent less copper and 21.5-32.5 percent less iron than
similar traditional one [16, 17].

3 Resolver Model

In this study two methods are proposed to model the
AFR. The first model is based on d-q axis theory and in
the later one time stepping finite element analysis is
used to predict the performance of the resolver.

3.1 D-Q Model
This proposed model is based on d-q axis theory.
The following assumptions are considered in the
analysis [14]:
a) Stator has two-layer distributed lap windings.
b) Rotor has a winding with sinusoidal supply.
¢) The inductances of AFR in d-q axis are unequal.

Resolver Rotor Yoke
Rotary Transformer Rotor Core

Resolver
Stator Yoke

Resolver
Rotor
Slot

Resolver
Rotor Tooth

Resolver Stator Tooth

Resolver Stator Slot Rotary Transformer Stator Core

Fig. 3 Proposed axial flux resolver structure.

Fig. 4 shows the model of resolver windings. Each
stator winding flux consists of leakage flux and main
flux, the latter flux links the rotor [2].

3.1.1. Dynamic Model
The voltage equations in machine variables can be
expressed as following:

Vr = rrir + er dlr
dt

las

+oL, cosi_ +L_sin6,
, ©6)
Lo di,
+oL_sin6i, —L_ cos® —=
dt
diy,

V,

as

=i, +20,L,sin20,i,, + L, sin26,

di,

—2m,L, c0s20,i,,— L, sin0,

(7

L

S

+ oL cosb,i, +(L,+L,—L,cos 29r)%

di,,

V,, = —Li, —2m L,  cos20,i, —L  sin26, o

r—ms

-2 L _sin20i, + oL _sin0Oi
r~ms r bs st rr (8)

Ly

s

+(L,+L,+L,, cosZGr)&— L, cos@rg
dt dt

In the above equations the s and r subscripts denote
variables and parameters associated with the stator and
rotor circuits, respectively. V., Vy, are the stator
voltages, V; is the excitation signal of the resolver
(V,=v',.cos(wft+1//), 1,5, Ips are the stator currents, i, is the
rotor current, r is the resistance of stator circuit, L, Ly
are the leakage and magnetizing inductances of the
stator winding, respectively, 1,, L,; are the resistance and
self inductance of rotor circuit, Ly is the mutual
inductance between the rotor and stator circuits, ®, is
the rotor angular velocity and 6, is electrical angular
displacement. The inductances of AFR can be
calculated as [18, 19]:
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Fig. 4 Axial flux resolver windings model.
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where P is the pole pair number, q is the number of slots
per pole per phase, Ro and R; are outer and inner radius
of core, A; is specific slot leakage permeance, A, is
specific overhang leakage permeance, A4 is specific
differential leakage permeance, A, is specific zig-zag
leakage permeance, g is effective air-gap length
between the surface of stator and rotor, Ns and Nr are
the number of stator and rotor turns, respectively in each
phase.

The stator variables are transferred to the rotor
reference frame which eliminates the time-varying
inductances in the voltage equations. Park’s equations
are obtained by setting the speed of the stator frame
equal to the rotor speed.

The expressions for the flux linkages are:

dog = (Lo + Ly~ Lo )i, = (L + Lo
A, (L,5+L +Lms)|d+L i, =(L,+ L )i, + Lo, (14)

md r

7\‘ md d (L + Lmd)lr

and
y=0,A

15
x=0m,L (15)
then
Wq = X +qu) X/s q+qu
vy = (X, + X iy + Xl = Xy + v, (16)

v, = X0y + (X, + X = X0, + v,

By referring rotor variables to the stator windings,
voltage equations can be written as:

d
Vq _rsiqs L&_‘_& d
b dt b
. 1 dy,
V,=-ri, +———4+-—— 17
d s™ds (,Ob dt (Db Wq ( )

T Tr (Db dt
In order to obtain the equivalent circuits, Eq. (17)

should be replaced by Eq. (16). Thus, the voltage-
current equations are as following:

\Vj b b b i
q q
(O] .
Vo l=| 20X, -+ Xy 2Xue [x|ig|  (18)
V! O Oy Oy v
T T
0 Px . r+2x,
L O @y J
where:

X, =X, + X, Xy =X, —X

19
X, =X, +X (19)

md
and p is d/dt [2].

The electrical equivalent circuits of the resolver are
presented in Fig. 5. The electromagnetic torque
developed in the resolver is given by:

P . .
T, =5 (v, v (20)
b
And the mechanical equation of resolver in per unit
can be written as:

T (PU) = T (PU) = T (pU) = ZHM 21

dt

where H is inertia constant expressed in second, Tppecp 1S
load torque and T,y is frictional torque.

3.1.2. Steady State Model

In steady state, the electrical angular velocity of the
rotor is constant and equal to .. In this mode of
operation the rotor windings do not experience any
change of flux linkages [20]. Thus, with o, equal to ®,
and the time rate of change of all flux linkages
neglected, the steady state versions of Egs. (14, 15)
become:

Q) (O]
Ve =V = € € '
rqu XdId delr

q q o, o,
VS =V =g + e I (22)
Oy

e _\J! — _ I
Vr _Vr_ I.rIr
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Fig. 5 Dynamic electrical equivalent circuits of the AFR in d-
q axis.

Here the ®. to o, ratio is again included to
accommodate analysis when the operation frequency is
other than rated. In the synchronously rotating reference
frame and using uppercase letters to denote the constant
steady state variables [20]:

\/Eﬁas = F;s - ngs (23)

where F is each electrical variable (voltage, current, flux
linkage), }NTaS is a phasor which represents a sinusoidal
quantity, E, and Fj are real quantities representing the

constant steady state variables of the synchronously
rotating reference frame. Hence:

V2v, = Vi - s (24)
Substituting Eq. (22) into Eq. (24) yields:

~ o, ~
NOA :—[rs + Xq}d

@,
. (25)
Q) Q)
— | ——\X,-X —=X I
+ ﬁ|: (Db ( d q)Id + (,Ob md r:|

For symmetrical resolver, X4 = X4 and ®.= . So
Eq. (25) can be rewritten as:

\N/as = —(rs + jXS)Tas + ]NEa

E, ==X, (26)
SRR

where:

X, =X, +X,, (27)

Considering above equations, the steady state
equivalent circuit of resolver is shown in Fig. 6.

3.1.3. D-Q Model Simulation
The state equations on the rotating d-q reference
frame are introduced. MATLAB/Simulink software is
used for simulation.

la S
M —
+ +
v X A
- o

Fig. 6 Steady state equivalent circuit of the AFR.

Input, output and state variables are thus
State Variables = [y .,y ¥, ]

Input Vector =[V,AT,,..]

Output Vector =[A6.]'

In generalized theory of electrical machines, it is
more convenient to use flux linkages as the state
variables [20, 21]. By this way, the differential
operators change to integral operators. Using Equation
(16) and (18), the flux-linkages equations could be
obtained as follow:

rS

v, = cobj[vq + X

meﬂm%gwéy (28)
b

s

Vg = (’ObJ.[Vd +Xr_s(_ Wina T Wd)"'%wq]dt (29)
b

Is

v, = o)bj-{vr, + )?, (W —Wi)}t (30)

where
-1
Vs =| b b | [ L Y gy
de Xffr X/s Xffs X/,r
-1
1 1) v,
= — | == 32
qu (qu X(:s J X%‘s ( )

And angular position, stator, and rotor currents can
be calculated as:

0(t)=5(t)=0,(1)-0.(1)

= [(@, - ,)i+6,00)-6,0) .
0

iq = w (34)

Xrs

i, = V4~ Wmd

d Xy (35)
1; _ Y _'Wmd (36)

Xor
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Because of the ability of proposed model to assume
different values for Lq and L, it can consider the effect
of eccentricity in AFR which is investigated in our out
coming paper. Fig. 7 shows a block diagram which is
used in simulation. Fig. 8(a) shows the stator and rotor
of fabricated AFR before and after winding. This
prototype has single stator and single rotor structure.

The specifications of this AFR are presented in
Table 1 and the parameters of its equivalent circuit are
given in Table 2. These parameters are obtained using
DC-Pulse method [2]. In this method stator winding is
charged with its nominal DC current. The current signal
is shown in Fig. 9 (with 1 mm air gap length).

X Eqs.
Vi cos @t (28), (32)
&‘I’a and (34)

Y
—

(20)‘1(21) 0, sin@, ,cosO, cos8,
and (33) Generation

sin 0,

o, _]
a—

@ Eqgs. —

Vi —— (29)-31) Va
Vi cos@yt \A and

X (34)-(35) n
C :

Fig. 7 Block diagram of AFR simulation.

(b)
Fig. 8 AFR stator and rotor (a) Before winding (b) After
winding.

e

Fig. 9 charge current of stator winding

Table 1 The Specifications of Tested Axial Flux Resolver

Parameter Value Unit
Frequency 4000 Hz
Peak to Peak input voltage 10 )\
Maximum position error 10 Arcmin
Pole number 2 -

. 8000-

Maximum speed 12000 rpm
Air gap length 1 mm
Core outer /inner diameters 72/52 mm
Core length, stator/rotor 10/10 mm
Duty cycle S -
Number of turns,

Stator/Rotor 1200/600 j

Table 2 The Equivalent Circuit Parameters of Tested AFR

Parameter Value Unit
I, 290 Q
s 17 Q
L 3.41x107 H
L'y 0.11x107 H
Ly 0.11x107 H
J 9.13x10* | kg.m?

3.2 3D Time Stepping Finite Element Analysis

The second method to evaluate the performance of
the proposed axial flux structure is 3D time stepping
finite element analysis. To increase the accuracy of the
FE model, the effect of eddy current and saturation are
considered simultaneously. Although, this analysis is
very complex and time consuming, it is very accurate.
So, it is a good choice to verify the results of proposed
topology.

Furthermore, to reduce computation time, rotor
angular position is evaluated from the ratio of the output
signals which is formulated in Eq. (4).

The maximum magnetic flux density of 0.08 T
confirms that the resolver’s core was not saturated. As
shown in Fig. 10 the B-H curve of resolver core, which
is used in FEA, is investigated experimentally using
modified Epstein test [22] at 4 kHz.
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Table 3 The geometrical dimensions of proposed AFR.

Item. Value (unit)
Outer/Inner diameter of stator 72.0/52 mm
Outer/Inner diameter of rotor 72.0/52 mm
Stator and rotor cores thickness 10 mm
Stator/rotor number of slots 24/12
Air gap length 1 mm
Power source Sinusoidal, V,= 5V,

4 kHz
. 2 layer sinusoidal

Winding method distribution on slots

In this paper, calculating 400 3D FE models for one
rotor revolution gives one period of resolver output
signals (which wastes the main time of this study).

Although, 3D FEM is an accurate method, the most
reliable results are experimental ones. In this study, an
experimental AFR with specification listed in Table 3
was made and tested (Fig. 8). Test results are obtained
by using a special setup. This test setup is able to
change the amount of SE and of air gap length. In
addition, this rotary test bed had a precision rotary
tycope was placed on it. So, different rotary positions
are produced by this tycope in [0, 2m] radian. The
structure devised test setup is shown in Fig. 11.

Test Setup Vertical Gﬂp\\\ l
Depth Micrometer For Ganerating 1 )
Cmtroﬂod_EMnrlclly b

i -

AFR Rotor ——

Test Setup Radial Gage -
AFR Optimized Rotor

Rotary Tycopa

Fig. 11 Devised test setup of AFR

By using this setup, AFR output signals and
simulation results (including d-q model and 3D-FEM)
are compared in each of these angular positions (The
resolver output is obtained from arctangent of output
voltages ratio).

4 Results
4.1 AFR without Eccentricity

Previous researches, usually have discussed just
about position error distribution. But, in this paper, not
only the position signal (Arctangent of the ratio of d-q
voltages) but also d-q voltages are reported, too. In
practice, resolver output signals are fed to the resolver
to digital converter (RDC). The RDC input resistance is
very high. Therefore, the current in the stator coils of
AFR, which apply to the RDC, is in the order of micro
ampere [23]. Accordingly, Fig. 12 shows the d-q, FEM
and measured voltages of AFR excited with extra pure
synthesized sinusoidal source (Table 3). Fig. 13 shows
the comparison of simulated and experimental output
voltages. Results show good agreement between test
and simulated (d-q model and FEM) voltages. Because
of the maximum air gap flux density less than 0.08 T
(calculated by 3D-FEM) AFR works at linear part of its
B-H curve. Therefore, it is expected that the amplitude
of output simulated and measured signals are similar.

Generally, the resolver output signals are converted
to position information by tracking resolver to digital
converters. To do this, tracking RDCs use the envelope
of the output signals. Therefore, in this study harmonic
contents of an envelope of an output signal are taken
into account, too. Fig. 14 shows the normalized
harmonic component of the cosine phase output current
envelope. Almost all odd and even harmonics exist in
this FFT plot. The importance of FFT plot is revealed
when it compared with eccentric AFR's FFT plot. This
comparison will be done in next section.

In this research, position error is the difference
between the real rotor position (which is obtained by
means of test setup) and the determined rotor position of
AFR (resulted from d-q model and 3D-FEM). Figure 15
shows the comparison of simulated and measured
output position of AFR and their difference. This figure
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shows the maximum position errors difference between
measured and simulated results are 6 and 7 Arcmin at
245 and 45 degrees for d-q model and 3D FEM
respectively. But, the maximum position error of
simulated AFR versus ideal position are about 9, 7 and
5 Arcmin (FEM and d-q model) at 300, 312;
respectively. The ideal position (8;4e,1) can be calculated
by home set of rotor position (Gomm) (against stator

position), pole number (p) and rotor speed (f, revolution
per second) that is:

Output Voltage [V]

Output Voltage [V]

L
|
|
|
1
8 10 12
Time [Sec] x 10°

(b)

Fig. 12 Studied AFR output signals without eccentricity (a)
Resulted from d-g- model (b) Calculated by 3D FEM (c)
Measured on oscilloscope.
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Fig. 13 Comparison of calculated and measured signals (a)
Amplitude of AFR cosine output voltage envelope (b)
Relative error between calculated and measured signals.
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Finally, Fig. 15(a) shows that the AFR maximum
position error is 0.15 Arcdeg (about 9 Arcmin).
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Fig. 14 Harmonic components of output current envelope.
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Fig. 15 AFR position error (a) 3D-FEM, d-q model and
measured data against ideal position (b) Error difference
between measured and calculated data.
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4.2 AFR with Eccentricity

In proposed d-q model, d-q axis inductances are
different parametric variables. Therefore, by using
unequal values for Ly and L, the effect of SE can be
modeled. In this method the system differential
equations which express its dynamic performance (17-
21) should be linear. The methods of linearization are
divided into two categories: 1) analytic perturbing
methods, and 2) software based methods. In the former,
the nonlinear differential equations are perturbed around
the operating point and in the latter, some functions of
SIMULIK/MATLAB software are employed [21].

In software based method, the simulation block
diagram of AFR is plotted in Simulink. Then, the
“LINMOD” function of Matlab is used to obtain
systems linear models of ordinary differential equations
(Odes). Finally, “TRIM” function is employed to find
steady state parameters for the Simulink system.

Both linearization methods were used. Comparison
between their results indicated that both of them had an
acceptable accuracy. Finally, the method of linearization
used in this research leads to the following linear time-
invariant system of equations:

X=AX+BU (38)

Y=CX+DU

Equation (38) can be rewritten as below (using small
perturbation around operating point):

AX=AAX +BAU (39)
AY =CAX+D AU
where:
AX _[Aqu’Ast’AWr’ ® r Ae ]

b
AU = [A QS’AVds’ATmech] (40)
AY =[A8, '

The numerical coefficients of Eq. (38) can be
calculated by using average DC pulse response of stator
current [14]. Identified parameters confirmed that Ly =
Ly. To investigate the performance of AFR with static
eccentricity, the parameters of the eccentric AFR were
identified again. This time, identified parameters
indicate that L4 is unequal with Ly (Lq # L,). Finally,
replacing these parameters in proposed d-q model AFR
output signals were simulated. Fig. 16(a) shows
normalized output voltages of eccentric axial flux
resolver. Also, normalized time stepping 3D-FEM
results is reported in Fig. 16(b). The magnetic flux
density of eccentric model increases 1.8 times in
comparison with healthy model and is not symmetry in
the core. For these reasons, the waveforms of SIN and
COS are distorted in terms of amplitude and phase
difference as shown in Figs. 16(a) and 16(b) and
compared in Fig. 16(c). In FE analysis used in this
study, a winding assumed as a solid copper which its
induced voltage is multiplied by winding turns.

Therefore, the predicted winding resistances will not be
accurate enough and this is the main reason that
predicted phase shift by 3D-FEM in Fig. 16(d) is not
correct. In d-q model, winding resistances are
determined by DC pulse response [2] which is an
accurate method.

For accurate comparison, the output position signals
of symmetric and eccentric AFR are shown in Fig. 17.
In this figure AFR detected position is calculated
considering arctangent of output voltages ratio. On this
basis, Fig. 17(a) shows that the 10 pm rotor SE causes
maximum 2.8 and 3.1 Arcdeg error in AFR detected
angular position by FEM and d-q model respectively. In
this figure although d-q predicted error shape is not
similar to FEM one but the amount of maximum
calculated position error is in acceptable range. It seems
that inaccurate predicted winding resistance affects on
position error shape. When a 47 Q resistance is added in
3D-FEM model the q-d and FEM position error curve
will be similar. Therefore, if the winding resistance is
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corrected in FE model we can use 3D-FEM instead of d-
q model when the difficulty of the DC pulse response
measurement is taken into account. So, the rest of this
study uses just 3D-FEM modified by a series resistance.
Also, Fig. 17(b) shows that the position error decreases
from 2.8 to 0.5 Arcdeg when the eccentricity increases
from 10 to 70 um with a 1 mm air gap length.
Furthermore, it is almost fixed while the eccentricity is
more than 70 pm.

Another effects of SE on AFR output signals was
indicated when output signals envelope's harmonic
components are studied. Fig. 18(a) shows an example of
harmonic content in an envelope of cosine current.
Amplitude differences of harmonic components
compared with those of a resolver without eccentricity
are shown in Fig. 18(b).

Harmonic components of envelopes show a
significant variation depending on the rotor eccentricity
and the air gap length. For example, Fig. 19 shows
normalized amplitude difference of harmonic
components in the model at the gap length of | mm and
different SE level. This figure shows in static
eccentricity shorter than 80 um, amplitude differences
vary in the range of -0.05% to +0.12%, but they vary in
a narrower range in other models.

In eccentricity longer than 80 pum, the amplitude
variations of harmonic components, except 3rd, 7th and
9th component, show a tendency to remain stable. The
harmonic components of 3rd, 7th and 9th also vary in a
wide range in other gap length models.

In this study, the effect of air gap length, pole
number and excitation voltage harmonics on proposed
AFR position error is investigated, too.
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Fig. 17 Comparison of d-q model and 3D-FEM results on
AFR position error (a) AFR position error in 1 mm gap length
and 10 pm SE (b) AFR position error in 1 mm gap length and
different SE level.
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As shown in Fig. 20(a), with 1 mm air gap length an
increase in SE level from 10 pm to 110 pm causes an
decrease in position error from -2.87 to +0.51 Arcdeg.
But, at the rotor eccentricity more than 70 um, the surface
has a tendency to remain stable. Also, Fig. 20(b) regards
that, considering 10um static eccentricity, the position
error decreases while the air gap length changes from
0.4mm to 2mm. Fig. 20(c) compares the 3D FEM results
with measured ones at 1 mm gap length and 10 pm SE.

Next, the effect of pole number in the proposed AFR
position error has been studied. In this study the air gap
length and rotor eccentricity are 1 mm and 10 pm
respectively. Fig. 21 predicts that the AFR position error
is decreased while the pole number is increased.

The position error reduction can be attributed to the
decrease in overhang leakage flux of stator winding due
to reduction of overhang length caused by increase in
pole number [24]. Therefore, the position error is
decreased while the pole number is increased.

Finally, the effect of excitation voltage harmonics on
the position error of AFR with 10 um gap eccentricity
and 1 mm air gap length is perused in Fig. 22.
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Fig. 22 The effect of excitation voltage harmonics on the
position error of AFR with 10 pm static eccentricity and 1 mm
air gap length.

In all of the preceding analysis it was assumed that
the resolver excitation signal was an extra pure
synthesized sinusoidal source and contained no
additional harmonics. In general, the excitation signal
contains harmonics and thus the AFR output signals are
simplified as:

V, =Sinf )" V,, Cos(not)

n=1

V, =Cosb ZVm Cos(nmt)
n=1

o (41)
szn Cos(not)
= 0= Arctg(tgh x E—«)

ZVm Cos(not)
n=1

A
As presented in Eq. (41) and Fig. 22, AFR position
error increases when, its exciting current harmonic
contents (part A in Eq. (41)) increase. For example,
when exciting current harmonic contents increase upto
50%, AFR position error increases even upto 4.6
Arcdeg.

4.3 AFR in Comparison with RFR

To determine the capabilities of the proposed AFR
(without any optimization) Table 4 compares two axial
and radial flux resolver with the same design
specifications. This comparison shows that, the axial
flux structure is more robust than radial flux one,
against static eccentricity. Table 4 emphasize that the
capabilities of the AFR is related to its air gap length.

In gap length less than 0.5 mm radial flux resolver is
as precise as axial one. But, in typical gap length (1
mm) axial structure is at least three times more accurate
than radial ones. Also, increasing the pole number in
order to decrease the position error is more effective on
AFR than RFR.
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However, although the axial flux structure
performance is better than the radial structure but, when
the eccentricity occurs, the position error of AFR
increases upto 3.62. In this study, the proposed axial
flux structure is optimized to minimize the AFR
sensitivity against static eccentricity.

Table 4 Finite element analysis of Axial Flux Resolver (AFR)
in comparison with Radial Flux Resolver (RFR).

Value (unit)

Ttem. RFR AFR
Outer/Inner diameter of 72.0/52.0 mm 72.0/52.0 mm
stator
Outer/Inner diameter of 50.0/12.0 mm 72.0/52.0 mm
rotor
Stator and rotor core 10 mm 10 mm
thickness
Stator/rotor number of 24/12 24/12
slots
Air gap length 1 mm 1 mm

sinusoidal, sinusoidal,
Power source V,=5V, V,=5V,
4 kHz 4 kHz
2 layer 2 layer
. sinusoidal sinusoidal
Winding method distribution on | distribution on
slots slots
Pole Number 2 2
Harmonic orders which
has not any tendency to 3,4 3,7,9
remain constant (Fig. 19)
Max. Position Error in 10
um Static Eccentricity and 8.1 2.87
1 mm gap length
Max. Position Error in 10
um Static Eccentricity and 3.71 3.62°
0.4 mm gap length
Max. Position Error in 10
um Static Eccentricity, 1 . .
mm gap length and 6 2.2 0.43
poles

5 Optimization of AFR Structure

The accuracy of the rotor position reported by an
R/D converter is limited by the quality of the resolver
signals processed by the RDC. According to ISO492 or
ABEC standards and Fig. 20(a), one of the most
significant sources of position error which must be
minimized through resolver design is the error incurred
due to the intrinsic SE. Although, in axial flux structure
when SE occurs the air gap length does not change but
the common effective iron surface between rotor and
stator will change (Fig. 23(a)). The teeth shape or
common effective iron surface between rotor and stator
can be calculated by solving the inverse electromagnetic
field problem [1].

Generally speaking, the process of solving such an
inverse electromagnetic field problem will be, firstly, to
assume one geometry shape and the corresponding
stimuli distribution in the field area, then to calculate the
field by using the finite-element method (FEM), then to
optimize the geometry by employing certain
optimization methods [1].

5.1 Rotor Shaping by Solving the Inverse Problem

Tooth schematic of the stator and rotor of the studied
AFR are shown in Fig. 23(a). Figure 23(b) shows, when
static eccentricity occurs in proposed AFR the common
effective iron surface between rotor and stator will
change. Therefore, the permeance, inductance and
output voltage will change respectively. In the 3D FE
analysis used to determine the optimal tooth parameters,
it was found that no benefit was gained by allowing the
tooth slopes to be distinct. For that reason, the tooth
slopes were set equal to each other in all the analysis
conducted.

Correlations between items of the AFR, such as the
position error, the yoke length, the rotor eccentricity and
so on, are evaluated by means of the multiple regression
analysis [25]. The correlation between the error
difference and the rotor eccentricity is not found in the
linear regression analysis. Therefore, the non-linear
regression analysis is applied to evaluate two
independent variables (eccentricity and the yoke length)
which relate to the position error. Non-linear analysis
shows that the position error correlates with the cube of
the rotor eccentricity and the square of yoke length. So,
this problem is inherently a multidimensional
optimization one, and nonlinearity exists. Therefore,
traditional optimization methods such as grads method
are not suitable for this problem. One way is to use the
trial and error method, that is, to manually revise the
shape after each trial. Certainly, this will consume long
calculating times with only approximate results reached.
Another way is to adopt global optimization methods
like the Genetic Algorithm (GA). A typical GA is tried
in this case and the objective function is defined as
below [26]:

£ 7) = O, —arctan[MJ *2)
VC()S (8, yrot )

where & is error function which should be minimized,

Orear 18 the real position of rotor, Vg, and V¢, are AFR

output voltages which are related to eccentricity (g) and

rotor yoke length (y.). The real position (8,,) can be

calculated by home set of rotor position (eom_) (against

stator position), pole number (p) and rotor speed (f,
revolution per second) that is:

_o N 2nf ¢
real = Y0, T T/ 43)
p (
"

According to Egs. (42, 43), the following values of
genetic operators were used in the algorithm.

1) Initial population: N = 30

2) Probability of reproduction: pr = 0.25

3) Probability of mutation: pm = 0.05

4) Probability of crossover: pc = 0.05

After a certain number of successions, some results
were obtained. One tooth of calculated rotor shape is
shown in Fig. 23(c). This figure shows in optimized
rotor shape (Fig. 23(c)) rotor yoke length is reduced.

0

254 Iranian Journal of Electrical & Electronic Engineering, Vol. 8, No. 3, Sep. 2012



It can be concluded that, the latter case (optimized
rotor shape) will be able to minimize the Variations of
the common effective iron surface between rotor and
stator. Because, in modified structure the iron surface of
stator is bigger than that of rotor (Fig. 23(c)). So, if the
static eccentricity occurs (Fig. 23(d)), it is expected that,
the variation of the permeance, inductance and output
voltage either be minimized or even be eliminated.

Optimized rotor was made and has been shown in
Fig. 24. The main design parameters of the optimized
AFR are shown in Table 5.

Stator Teeth

‘When
Static Eccentricity|
Occurs

Rotor Teeth

AFR without Static Eccentricity

Stator Teeth

When
Static Eccentricity
Occurs

— ]\

La, b
|7
== Rotor Teeth ==
H-= -
Optimized AFR with Static Eccentricity Optimized AFR without Static Eccentricity
(a#b) (a=b)

(d) (©)
Fig. 23 Tooth geometry with and without static eccentricity
(a,b) Proposed structure (c,d) Optimized topology.

Table 5 Geometrical dimensions of optimized AFR.

Item. Value (unit)
Outer/Inner Diameter of Stator | 72.0/52.0 mm
Outer/Inner Diameter of Rotor 68.0/56.0 mm
Stator/Rotor Core thickness 10/6 mm
number of stator/rotor slots 24/12
Air gap length 1 mm

Stator

Proposed Stator

Proposed Rotor Optimized Rotor
(b)

Fig. 24 Optimized AFR (a) 3D-FEM schematic (b)

Manufactured.

5.2 The Effect of Eccentricity on Optimized AFR

In order to evaluate optimized rotor of AFR it was
made and replaced with initial rotor. Fig. 25 shows the
testing results of the AFR with optimized rotor
including the oscilloscope graphs, normalized output
signals, and angular position in eccentric optimized
AFR compared with those of an AFR without static
eccentricity.

For accurate comparison, the output position signals
of symmetric and eccentric optimized AFR are shown in
Fig. 25(c). In this figure AFR detected position is
calculated considering arctangent of output signals ratio.
On this basis, Fig. 25(c) regards that the rotor
eccentricity of 10 pm causes maximum 0.8 Arcdeg error
in detected angular position. In comparison with initial
(non-optimized) AFR the position error decreases
71.4%. Although, the position error is reduced
substantially against SE but 0.8 Arcdeg position error is
a significant error in comparison with initial AFR
without eccentricity with maximum 0.1 Arcdeg position
error. It seems that the overhang leakage flux may be
results this error. Because, when rotor is displaced by
means of a mechanical force the overhang leakage flux
affects one side of stator more than others. Therefore,
the 3D FE analysis repeated with current sheets insisted
of windings. In this case, as shown in Fig. 26 the
position error of optimized AFR decreases to 0.16
Arcdeg.

Although, replacing current sheet instead of rotor
windings is not practical. But, it is suggested that to
reduce the effect of the overhang leakage flux, it is
better to increase radial length of rotor coils. When,
radial length of rotor coils increases as 10% of outer
diameter of optimized rotor the maximum position error
of optimized AFR decreases to 0.18 Arcdeg (Fig. 27).
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Fig. 28 Testing results of AFR with optimized rotor.

6 Increasing the Accuracy of Proposed Structure

As discussed above, overhang leakage flux was the
main factor in which, AFR sensitivity against SE was
affected. So, the following methods are proposed to
improve the sensitivity of the AFR. Detailed analysis
and experiments will be presented in an upcoming
paper.

However, by using time stepping 3D FE analysis
with equal tooth slopes, the yoke widths which
minimize the maximum AFR error are shown in Fig. 20
for the air gap lengths g = 0.5, 0.1, 1.5 and 2 mm.

The information in Figs. 26-28 illustrates several
key features to improve the sensitivity of the AFR
against SE. They are: (a) Minimizing the AFR
sensitivity against SE is proportional to radial length of
rotor coils; i.e. longer radial length of rotor coils leads to
smaller SE sensitivity, (b) Increasing pole umber
decreases overhang length of coils, overhang leakage
flux and then SE sensitivity (¢) the optimum yoke
widths for a particular air gap length are not equal.
Therefore, traditional optimization methods such as
grads method are not suitable for this problem, (d) AFR
position error caused by SE is inversely proportional to
air gap length, therefore the larger the air gap length is
the smaller the AFR error (caused by SE) is, and (e) The
optimum yoke widths vary relatively little with air gap
length variations.

7 Conclusion

In this work the design and optimization of a novel
axial flux resolver (AFR) structure which can be robust
against static eccentricity (SE) has been considered.
Basic resolver operation was reviewed and static
eccentricity is identified as a critical resolver (or
resolver mounted shaft) bearing characteristics which
determine resolver inherent position error. Using d-q
model, time stepping 3D-FEM and practical tests
showed that with same design parameters (such as air
gap length, stator and rotor slot number, ...) and SE
level, AFRs are 2.79 times aureate than conventional
radial flux resolvers. However, when SE occurs, AFR's
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position error increases too and needs to be decreased
further. Although, such a precision is sufficient for most
motor commutation applications, but AFR structure
optimized for precise applications with genetic
algorithm (GA) by solving the inverse electromagnetic
field problem using a time stepping 3D FEM approach.
Optimization process determined the rotor yoke
parameters which minimize the AFR sensitivity against
SE. In addition, it can be concluded that the position
errors of optimized rotor mainly come from the
overhang leakage flux. To reduce the effect of this flux,
it is suggested that the radial length of rotor windings
should increase about 10%. Finally, several
improvement methods are proposed, including
increasing the number of stator poles, decreasing rotor
yoke length (changing to the optimal one), increasing
the air gap length, and adopting a sinusoidal distributed
winding pattern. Further results will be presented in an
upcoming paper.
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