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Resolvers have been widely used in motion control systems as position sensors. This paper deals with the analysis of Axial Flux
Resolvers. Axial flux resolvers are a group of resolvers which can be used in high performance servomechanisms. The accuracy of
resolver detected position is affected by errors. Some of these errors are caused by speed fluctuations, permeance ripples,
unbalanced voltages, and eccentricity between rotor and stator. Among these errors the static eccentricity (SE) is not corrected
electronically. In this paper, the eccentric resolver is modeled analytically based on d-g synchronous rotating coordinate system
with different Ly and L4 values and then, the static eccentricity effect based on the developed model is studied. A novel algorithm is
proposed for suppressing the eccentricity error. This method is based on analytical model and modern control fundamentals. In a
comparison, simulation and experimental results show good agreement. Finally, the effect of air gap length, pole number and
excitation voltage on position error of eccentric AFR is investigated, practically.
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1. INTRODUCTION

HE ACCURACY and resolution of the absolute rotor

position signal have a major effect on the performance

of motion control systems. The most famous absolute
position sensors are resolvers and optical absolute encoders
[1-3]. Comparing with optical absolute encoders, resolvers
are more mechanically reliable and can easily be integrated
with motor systems [4]. Furthermore, they have robust
structure and a wide range of operation temperature [4].
Resolvers are of two types: A) radial flux resolvers
(conventional) and B) axial flux resolvers (AFR). The
second one has some advantages over conventional
resolvers. For example, it has a short axial length. So, it is
useful wherever limited axial length is available. Beside this
advantage the machines with axial flux structure have
another major preference. The influence of static
eccentricity (SE) which is an inevitable error in the bearings
of the rotary machines is reduced in axial flux structure
[5-6]. Since the SE has a major effect on the resolver output
signals, it needs a major consideration and it is essential to
reduce SE effect as much as possible.

It is to be noted that the eccentricity can be regrouped into:
static eccentricity (SE) and dynamic eccentricity (DE). In
the case of SE, the rotor rotates around its own geometric
axis which is not the geometric axis of the stator. In case of
DE, the rotor is not concentric and rotates around the
geometric axis of the stator [5]. As reported in [5-6], an
inherent level of SE exists even in newly manufactured
machines due to the build-up of tolerances during
manufacturing and assembly procedure. Thus, in this paper
the effect of static eccentricity on the resolvers is
investigated.

Some of the important factors affecting the resolver errors
obtained from previous works [1-4, 7-9] are summarized as:

14

1) spatial harmonics in the output voltage; 2) magnetic
designs; 3) coil installations; 4) bearing wear; and 5)
manufacture and assembly tolerance. Although, using an
analytic method for permeance harmonics based on slot
combinations and winding arrangements has been proposed
in [4], the application of such a method has been difficult to
implement in practice. Ref. [8] describes a magnetic field
analysis method to obtain an optimal magnetic design which
eliminates harmonics using 2D FEM (two-dimensional
finite element method). However, it is a time consuming
process and its authors themselves have mentioned that their
method is not practical and not accurate enough. In [9] it
was shown how the short-circuit winding of a resolver
reduces the angular error due to the rotor eccentricity.
Furthermore, there are lots of works on improving the
accuracy of resolver to digital converters which has been
reported in [10-13]. The dynamic and steady state
performance analysis of resolvers has been presented in [14]
with the effect of eccentricity and stator current neglected.

The dynamic behavior of the resolver can be described by
a set of nonlinear differential equations. These equations
may be linearized for small perturbations about an operation
point. The objective of this paper is to present a
mathematical model based on d-q axis theory to predict the
dynamic and static behavior of the brushless resolver,
considering eccentricity effect and a new compensation
method based on state feedback and pole placement theory.
The proposed method has some advantages, such as
simplicity, accuracy and time saving. Another preference of
the proposed method is its ability to diagnose eccentricity
using the variation of Eigenvalues.

Finally, simulation results are compared with experimental
AFR signals and good agreement between them shows the
algorithm ability.
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2. AXIAL FLUX RESOLVER MODEL

The following assumptions are considered in the analysis:

a) Stator has distributed two phase windings.

b) Rotor has a winding with sinusoidal supply.

c) The effect of static eccentricity in the AFR is taken into
account.

d) The effect of stator currents is considered.

Fig.1 shows the schematic of axial flux brushless resolver
and its d-q model. As shown in Fig.1.(a), the axial flux
brushless resolver has a single stator and single rotor
configuration with an axial flux rotary transformer. Rotary
transformer transfers the exciting signal without any
brushes. Furthermore, each stator winding flux consists of
leakage flux and main flux. The latter flux is linked to the
rotor. The mathematical model of AFR can be described in
linear and nonlinear differential equations.

Rotary Transformer

Resolver Rotor Rotor Core

Core

Resolver
Rotor
Windings

Resolver Stator
Core

Resolver Stator Windings

Rotary Transformer
Stator Core

@

Fig.1. (a) the structure of axial flux brushless resolver,
(b) d-q model of resolver

A. Nonlinear MODEL

The voltage equations in machine variables may be
expressed as:
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Symbol definitions are presented in the Appendix.

The stator variables are transferred to the rotor reference
frame which eliminates the time-varying inductances in the
voltage equations and all rotor variables refer to the stator
windings by appropriate turn ratios. Park’s equations are
obtained by setting the speed of the stator frame equal to the
rotor speed. The voltage-current equations are as follows:

p 1) o,
—Ts +——Xgs — Xds —Xmd
y o o o i
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Where:

Xags = Xps + Xmg +Xmg = Xo = Xms

)

Xds = Xps + Xmd +Xmd = Xo + Xns

The electromagnetic torque developed in the resolver is
given by:

Tam = 5 Vala ~vala) ©)

And the mechanical equation of resolver in per-unit can be

written as:
)=2H d(w%b) (7

Tmech(pu)’Tem(pu)*Tdamp(pU at

Based on (1)-(4) the electrical equivalent circuit of the
AFR is presented in Fig.2. Table I shows the parameters of
the equivalent circuit. The electrical parameters of AFR can
be calculated by using the DC-Pulse method [15].

(b
Fig.2. Electrical equivalent circuits of axial flux resolver,
(a) q-axis equivalent circuit, (b) d- axis equivalent circuit



MEASUREMENT SCIENCE REVIEW, Volume 12, No. 1, 2012

Table 1. The Equivalent Circuit Parameters of
Tested Axial Flux Resolver

Parameter Unit Value
I Q 29
r's Q 17
Lo H 3.41x107
L'y H 0.11x10°
Ly H 0.11x10°
J kg.m’ 9.13x10™

B. LINEAR MODEL

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 [16]. In the software based method, the
simulation block diagram of AFR is plotted in Simulink.
Then, the “LINMOD” function of Matlab is used to obtain
the system’s 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:

Y=CX+DU

Equation (8) can be rewritten as below (using small
perturbation around the operating point):

AY =CAX + D AU

Where:
, Aw
AX =[Ayqs. Ay g, Apy ’Ervﬁgr I

(10)

AU = [ AVys, AV, ATrmecn 11

gs
AY =[46, 1

The numerical coefficients of (8) can be calculated by using
average DC pulse response of stator current [17]. By
assuming L4 = L, the Eigenvalues of symmetrical resolver
are:

Ay =-234.16
| = A =0=143 =-16.07 +9.11i (11)
A4 5 = £0.58i

To investigate the performance of AFR with static
eccentricity, in the above procedures L4 is assumed to be
unequal with Lq (Lg # Lg). Then, the Eigenvalues of AFR
considering 10% eccentricity (about 0.100 mm) can be
calculated as:

A1 =-59.1
Al = A|=0=>44p3 =—128.6 £ 21.4i (12)
Ay 5 =125.2
3. RESULTS AND DISCUSSION
Fig.3 shows the manufactured resolver and its

experimental test setup. The experimental resolver was an
axial flux resolver with the specifications presented in
Table 1II.

Quftput
Voltages

* . Reatrainer Spring

(b)

Output
Voltages

-
Depth Micro Generating -

Controlled Eccentricity L

?wo Voltage

Fig.3. (a) Axial Flux Resolver

(AFR),
measurement setup without AFR, (c) Experimental measurement
setup with eccentric AFR

(b) Experimental
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Table 2. The Specifications of Tested Axial Flux Resolver

Parameter Unit Value
Frequency Hz 4000
Peak to Peak input voltage \Y 10
Maximum position error min 10
Pole number - 2
Maximum speed rpm 8000
Air gap length mm 1
Core outer /inner diameters mm 72/52
Core length, stator/rotor mm 10/10
Duty cycle Si
Number of turns, Stator/Rotor - 1200/600

It is to be noted that simulation and measured results can
be compared in two categories:

(a) Loading test of AFR, because it is similar to a
synchronous generator with sinusoidal excitation.

(b) Comparison of position data, since the resolver is a
position sensor.
Both of them can be done for symmetrical and eccentric
AFR in the same air gap length.

A. AFR as a Synchronous Generator

Fig.4 shows the practical and computed d-q voltages of
resolver with the excitation of about 4000 (Hz). As shown,
the amplitude of experimental voltages is larger than of the
simulation ones. This can be attributed to the capacitor
effect of the stator windings neglected in simulation or the
errors in parameter identification. To know the exact reason,

T T T T T T T T T
R S | \774777\7 1 L
2,0 A Uy 508 g Iy i
E AT LA AAARRTEHTHIU R s AU L
< VR N Y VA
3_4777\7 ” \777\777 “ LT A H
| ( | | | | | | (C)
0 0.0‘Dl D(;OZ 0.0‘03 0.0‘04 T OD‘[OSS ) 0.0‘08 00‘07 00‘08 00‘09 0.01
(a) Fig.5. Output voltage of asymmetrical resolver versus time with
‘ ‘ ‘ ‘ ‘ I I I ‘ 400 Hz excitation (a) simulated g-axis voltage (b) simulated d-axis
_ 4 }****}***} ‘}***4***} H }*fﬂ voltage and (c) measured g-d axis voltage
g, f, .l 5.6 -
5 |
o i : I i ’ il il - g i '! Ii ! i v Table 3. Comparison of Calculated and Measured Results
3-2 -7 ¥k - 71— -1
LA I
I T E AT R T LA Output current| Frequency | Output voltage | Output voltage | Error
0 0.0‘01 0(;02 0.0‘03 0.0‘04 Timoeo‘[ossec] o.o‘os 0.0‘07 DD‘OS 00‘09 0.01 (p,A) (Hz) (Simulated) (measured) (%)
(®) 60 4000 5.06 521 2.88
60 400 495 4.89 -1.23

MAIN
CHL ~ 5y

Fig.4. Output voltage of asymmetrical resolver versus time with
4000 Hz excitation (a) simulated g-axis voltage (b) simulated d-
axis voltage and (c) measured q-d axis voltage

the simulation was repeated with 400 Hz excitation
frequency and its results are presented in Fig.5. Good
agreement between these results with the experimental ones
confirms that the difference between Figs.4-a,b and 4-c is
related to the capacitor effects of the stator windings. Table
III and Fig.6 show the summary of simulation and test
results. They show good agreement between test and
simulation results and validate the resolver model presented
in this paper.
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Fig.6. Comparisons of calculated and measured results of resolver
as electrical machinery (a) output voltage in volt, (b) relative error
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B. AFR as a Position Sensor

The main task of axial flux resolver is position sensing.
Thus, the accuracy of detected position must be evaluated.
To this end, a high precision position sensor (rotary tycope)
which is connected to VF5-HP25 CNC (Computer Numeric
Control) machine was employed as the reference of position.
Furthermore, resolver detected position is calculated
considering arctangent of output voltage ratio.

Fig.7 shows the comparison of simulated d-q model
position error with that of manufactured AFR. This figure
confirms that the maximum position error difference
between measured and simulated results is 6 Arcmin at 245
degrees. However, the maximum position error of simulated
and fabricated AFR versus real position is about 9 and 5
Arcmin (at 3007 and 325%), respectively.

Position Error [Deg]

250
[Deg]

150 200
Real Position (Rotary Tycope)

Fig.7. Comparison of calculated angular position with resolver
output and high precision position sensor output

C. AFR with Eccentricity
C.1. Effect of Eccentricity

Fig.8 shows the output voltages of eccentric axial flux
resolver. For accurate comparison the output position
signals of symmetrical and eccentric resolver are shown in
Fig.9. In this figure the AFR detected position is calculated
considering arctangent of output voltage ratio.

Fig.9 shows that the rotor eccentricity of 0.100 mm (10%
gap eccentricities) causes the error 7.8 Arcdeg in the
detected angular position.

| Sine | | A‘mplituda‘ Differetiﬂce¢ i Coéjine |
- N - -

. Cdsing

05 -

o

05

Output Voltage [pu]

0.006 0.007

Time [Sec]

Fig.8. Output voltages of eccentric resolver versus time with 4000 Hz
excitation

As shown in Fig.10, the position error decreases from 7.8
to 1.7 Arcdeg. When the eccentricity increases from 10 to
70 um with a 1 mm air gap length, it is almost fixed while
the eccentricity is more than 70 um.

Also, the effect of air gap length, pole number and
excitation voltage harmonics on position error was
investigated.

Fig.11 shows the dependence of position error of AFR on
the real position at 10 um gap eccentricity and different air
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gap length. The position error decreases when the air gap
length increases from 0.4 mm to 2 mm. Then, the effect of
pole number on the position error was studied. The variation
of the position error with the pole number at 1 mm air gap
length and 10% rotor eccentricity is shown in Fig.12. As
shown, the position decreases with an increasing pole
number. The position error reduction can be attributed to the
decrease in overhang leakage flux of stator winding due to
the reduction of overhang length caused by the increase in
pole number.

Real POSItion _ s

AFR Reported Position (rad)

Syhmetric A#R A

Real Position (rad)

Fig.9.  Comparison of angular position in eccentric and
symmetrical resolver
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Fig.10. Position error of AFR versus real position with 1 mm air
gap length and different gap eccentricity values

Finally, the effect of excitation voltage harmonics on the
position error of AFR with 10 pm gap eccentricity and
1 mm air gap length is perused in Fig.13. In all of the
preceding analyses it was assumed that the resolver
excitation signal was an ideal cosinusoid and contained no
additional harmonics. In general, the excitation signal
contains harmonics and thus the AFR output signals in the
ideal case are simplified as:

Vs =Sin@ > Vg, Cos(nawt)

n=1

V, =Cosé YV, Cos(nat)
n=1
w (13)
> Vg, Cos(nat)
= 0= Arctg(tg6 x =L
> Ven Cos(nat)
n=1

-
A

)
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As presented in (12) and Fig.13, AFR position error
increases when its excitation current harmonic contents (part
A in (12)) increase. For example, when excitation current
harmonic contents increase up to 50%, AFR position error
increases even up to 15.4 Arcdeg.
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Fig.11. Position error of AFR versus real position in 10 um gap
eccentricity and different air gap length
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Fig.12. Position error of AFR versus real position in 10 pm gap
eccentricity and different pole numbers
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Fig.13. The effect of excitation voltage harmonics on the position
error of AFR with 10 um gap eccentricity

C.2. Proposed Compensation Method

For error elimination, state feedback algorithm is
proposed. The controllability and observability of the
system were tested in advance and then, the Eigenvalues of
eccentric resolver were shifted toward those of the
symmetrical one. These symmetrical Eigenvalues are
presented in (11) and (12).

The required feedback matrix can be calculated as:

X(t)= AX(1)+BU(t) = X =[A—BK]X(t)+Bu((t)

u(t)=—KX(t)+u'(t) (14)

Where K is feedback matrix:
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K'=[141.4359 —-0.5116 —-140.1584 2.7255 1.519
126.3245 0.0078 -0.0113  1.441 113.719 (15)
1.4331 0.0001 -0.0153 0.0010 —0.1413]

Fig.14 shows the compensated angular position of
eccentric AFR using state feedback with that of symmetrical
AFR. It is clear that the proposed method has a significant
effect on the sensor output, and the position error is
restricted to £6 Arcmin.

The other preference of the proposed algorithm is its
ability to diagnose eccentricity. In other words, the
components of feedback matrix can be used for detection of
eccentricity in the AFR or in others.

~

L=z

W

. Real Position e

-

Symmetril.: AFR A

w

Eccentric AFR after Compensation [

L)

=

Calculated / Measured Position (rad)

Real Position (rad)

Fig.14. Comparison of symmetrical and 10% eccentric AFR
output using state feedback

4. CONCLUSIONS

Although the main advantage of the axial flux resolver
(AFR) over a conventional one is its robustness against
static eccentricity (SE), the effect of eccentricity on the
accuracy of output signals is also very important. So, in this
paper a new dynamic analysis of AFR considering the effect
of static eccentricity (In studied d-q model Ly and L, are
assumed differently) has been presented. Then, the AFR
equivalent circuit was presented and its parameters were
obtained by using average DC pulse response of its stator
current. AFR was simulated with these identified parameters
and its simulated dynamic responses were compared with
practical results and a good agreement was achieved.
Moreover, the Eigenvalues of symmetrical and eccentric
AFR were obtained, practically. By using these Eigenvalues
a novel method for detection of eccentricity and reduction of
its effect based on the state feedback theory has been
proposed. Comparing the output of symmetrical AFR with
that of compensated eccentric resolver regards the success
of the proposed method. Finally, the effect of different SE
levels, air gap length, pole number and excitation voltage
harmonics on position error of an experimental AFR is
investigated, practically. This study showed that the AFR
position error is strongly distorted with SE less than 70 pm.
But, it decreases with increase of air gap length and pole
number.
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APPENDIX

List of Symbols
Parameter  Definition
A nxn constant matrix
B nxm constant matrix
Tas, Ibs stator currents
i rotor current
H inertia constant in second
K feedback matrix
Ly the leakage inductance of the stator winding
Lins the magnetizing inductance of the stator winding
L. The inductance of rotor circuit
L the mutual inductance between the rotor and stator circuits
p d/dt
P Pole pairs
I, The resistance of rotor circuit
I, the resistance of stator circuit
Tdamp fractional torque
Toech Load torque
U m-dimensional input variable vector
Vas, Vs stator voltages
\'A the excitation signal of the resolver
X n-dimensional state variable vector
on rotor angular frequency
[ electrical angular displacement
: subscript which is used whit variables and parameters

associated with the rotor circuits
subscript which is used whit variables and parameters
S associated with the stator circuits
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