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Abstract— The stator-PM machine concept has been
practiced on the recently proposed stator-PM variable
reluctance (VR) resolver. When inheriting the simple and
sturdy rotor structure of the conventional VR resolver, the
novel stator-PM VR resolver provides a chance to avoid the
high-frequency (HF) excitation by the unique PM back-EMF
decoding solution. This paper extends this stator-PM VR
resolver category with the axial magnetic field technology.
The axial slotless structure makes the VR resolver compact
and much smaller than the radial field prototypes. The thin
and light leaf-style rotor is suitable for the
super-high-speed applications, as the additional inertia
due to a sensor is not welcome in those scenarios.
Additionally, the printed circuit board (PCB) replaces the
winding coils in the regular VR resolvers, significantly
simplifying the manufacturing. The design with even and
odd poles cannot share the same principle, so they are
discussed separately. The prototypes with 4-X and 5-X
configurations are tested in the experiment setup
respectively to validate the analysis of the proposed
structure. Moreover, the 4-X resolver is integrated with a
permanent magnet synchronous machine (PMSM), and a
motor driver with the space vector modulation (SVM) on
the basis of the specific resolver decoder is built.

Index Terms— Axial slotless structure, printed circuit
board (PCB) winding, stator-PM machine, variable
reluctance (VR) resolver.

I. INTRODUCTION

he variable reluctance (VR) resolver has been the dominant

position feedback solution for the electric powertrain and
electric propulsion systems. Better than the optical encoders
and magnetic encoders, the simple and sturdy rotor of the VR
resolver is attractive for the harsh application fields, such as
terrible vibration and centrifugal pull [1]-[3]. Additionally, the
VR resolvers are much easier to manufacture than the winding
rotor resolvers. These features make VR resolvers a promising
candidate for the pumps, turbos and compressors. In those
applications, as the rotor speed is becoming higher than before,
the delicate regular position sensors cannot get with the
challenging operation condition. Meanwhile, as those types of
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equipment are mass products in the market, the high-cost
schemes are not welcome.

About the VR resolvers, the winding distribution, slot-pole
configuration, and the design of rotor contours have been
discussed in existing literatures [4]-[7]. The conventional
resolver technologies share the same principle [8]. They have
excitation (EXC) windings, sinusoidal (SIN) and cosine (COS)
windings. The decoding circuit injects high-frequency (HF)
voltage signal into the EXC winding, the induced current
generates magnetic flux across the SIN and COS windings.
With the rotor moving, the magnetic reluctances under the
SIN/COS windings are varying. Hence, the induced SIN/COS
feedback voltage signals are also varying accordingly. By
properly designing the rotor contours, the SIN/COS feedbacks
can exhibit two orthogonal sinusoidal signals, corresponding to
the rotor angular position.

The issue is that the frequency of the HF excitation must be
much higher than the machine operation frequency (electrical
frequency). As an example, for a 12-slot/5-pole-pair motor
running at 60,000 r/min, the operation frequency is 5 kHz. To
have an acceptable or adequate measurement accuracy, the
excitation frequency should be at least 50 kHz. A higher
operation frequency will require even Mega Hz excitation
frequency. A possible solution using an inductive rotary sensor
is proposed in [9], [10]. This type of sensor has the similar
operation principle of the conventional VR resolvers, but the
implementation requires an extremely high frequency signal
injection, by special processors and integrated circuits (IC),
which must increase the costs. Anyway, with a regular cost
budget, this high-frequency limitation issue cannot be solved
by a conventional position measurement scheme.

The stator-PM VR resolver was proposed many years ago
[11]. In recent years, the stator-PM machine subject [12], [13]
provides a new horizon for the related research on this
exclusive resolver. The stator-PM VR resolvers share the same
simple rotors structure of the common VR resolvers. As there is
no need to provide electromagnetic power, only a tiny amount
of magnet is required on the stator, the cost is thus friendly.
Recently, paper [14]-[16] have reported this novel position
sensor. As is shown in Fig.1 (a), with this concept, a 4-X
prototype and the dedicated decoding setup has been developed
to validate the practicability. Paper [17] proposed to mount the
magnets into the stator teeth, and realized the excellent
measurement accuracy by applying this stator-PM concept.
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Decoding circuit.

(b)
Fig. 1 The stator-PM VR resolvers. (a) A 4-X resolver prototype. (b) A concept
drawing with axial structure.

The stator-PM VR resolvers have apparent advantages at the
high-speed applications, as the HF excitation is not required
anymore. In fact, when the machine operation frequency comes
up to higher than 1 kHz, the position measurement solution will
take more than a regular cost. However, in the industry, the
pumps, turbos and compressors are with much higher speed
than before. There are some examples, paper [18] reports a high
speed machine for the compressor application (60,000 r/min, 1
pol-pair, 1 kHz). Paper [19] reports a high speed machine for
the turbo application (150,000 r/min, 1 pol-pair, 2.5 kHz).
Paper [20] reports a high speed machine for the pump
application (20,000 r/min, 4 pol-pair, 1.3 kHz). In order to limit
the cost of those above applications, the sensorless motor
control schemes are developed [21]-[23]. Although the
super-high-speed motor drive does not require a high-precision
position feedback, the position information must be robust. The
sensorless strategies must be under the risk that the estimation
logic falls into a fault, as many non-linear parameters are
involved in the observer model. Even though the control
algorithm can fast rebuild the estimation [24], however,
imagine that the machine is running at 10,000 r/min, the
damage will be unacceptable. Hence, a low-cost and robust
super-high-speed position measurement is required.

Excellent work has been done to extend the resolver research
to the axial filed [25]-[27]. By simply extending the stator-PM
VR resolvers to the axial style, an axial topology can be
obtained as is shown in Fig.1 (b). Literature [28]-[29] proposed
applying printed circuit boards (PCB) winding for VR resolver,
instead of the coils winding. The concept is excellent, as the
coils assembly is usually a troubling process, the PCB winding
will be convenient in the original equipment manufacturer
(OEM) factories. But the convex PCB is fragile and costly. By
combining the axial resolver structure and the PCB winding
skill, the obtained feature is welcome that the winding coils can
be laid on a surface, thus the cheap and reliable common PCB
can be applied instead of the coils. However, the convex top
surface of the rotor is complicated for machining and the entire
axial length is long.
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This paper improves this axial topology and proposes a
compact slotless structure as is shown in Fig.2. By removing
the stator teeth and the convex rotor top, the resolver becomes
much shorter. Unlike the above VR resolvers, the root novelty
of the proposed resolver is that it does not work on the basis of
the variable air-gap length. The variable reluctance is realized
by the leaf-style rotor swiping through the stator surface. With
respect to the turbo, pump and compressor applications, the
open-loop launching is a common strategy as the start-up load
is light, hence, the high-frequency injection-based low-speed
position measurement is not necessary. With this feature, the
excitation circuit is rid of from the winding PCB, so the
SIN/COS windings can have more space for their circuit,
building higher signals. The convex rotor top is replaced by the
leaf-style rotor sheet, which is shorter and lighter. For more
information on the position measurement at zero- and low-
speeds, please refer to paper [14].

In this paper, the axial slotless stator-PM resolver with a
leaf-style rotor sheet is proposed and analyzed with two
examples, i.e. a 4-X (16 coils, 4 poles) resolver and a 5-X (12
coils, 5 poles) resolver. To validate the mathematical analysis
and FEA results, the two examples are prototyped and tested by
the experiments.

Fig. 2 The structure of the proposed concept of the axial slotless VR resolver.

Il.  STRUCTURE AND ANALYSIS

A variable reluctance resolver is a special form of multipole
resolver which applies varying magnetoresistance to modulate
electrical signals. The resolver in this paper can be considered
as a special stator-PM generator, in which a phase shift exists
between the two-phase signals, i.e. the SIN/COS signals, which
can be used to calculate the rotor angular position.

A.Design with Even Number of Rotor Poles

As an example of the resolver with an even number of salient
poles, Fig. 4 illustrates a 16-coil/4-pole VR resolver with two
pairs of magnetic poles.

1) Basic structure

Fig.2 shows the exploded view of the 16-coil/4-pole VR
resolver, Fig. 3(a) illustrates the stator structure, in which the
PCB is removed and the winding is sketched for illustration.
The rotor part of the resolver is presented in Fig. 3(b), which is
a leaf-type sheet. The rotor contour shape is designed to be
composed of sinusoidal arcs. For an abstracted linear model,
the rotor contour should be exactly sinusoidal. However,
consider the actual circular layout, the square coil model
becomes a trapezoidal shape, then the rotor contour should
change to the presented leaf-style accordingly. Consider the
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core saturation, edge effect, and structure strength, the contour
design cannot be exactly conducted by the analytical method.
Several attempts of shape designs are modeled and simulated
by the finite element analysis (FEA), with comparisons, the
rotor contour used in this paper is enough to verify the
practicability of the proposed concept. Fig. 3(c) shows the side
view of the entire resolver. Fig. 4 shows the winding
distribution of the resolver. In the resolver stator, the four
magnets construct two magnetic pole-pairs. One leaf pole of the
rotor corresponds to one magnetic pole and sweeps through
four stator coils during one electrical period. Thus, the four
stator coils can cover 360° elec. To realize the two-phase
orthogonal output with a 90° elec. phase shift with respect to
one another, the four SIN and COS coils should be located on a
quarter circle of the stator surface. This four-coils structure
repeats four times along the circumference, forming the stator,
with bridges connecting them.

. 90 eDeg .

(b)

PCB winding
[ Rotor [l | | J'. |
%\ Stator | I
Bridge connection  “Magnet
(©

Fig. 3 A typical configuration of the proposed 4-X resolver. (a) The resolver
stator. (b) The leaf shape rotor. (c) Side view of the resolver.
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Fig. 4 Winding distribution of the proposed 4-X resolver, 20 turns per coil.

2) SIN/COS Back-EMFs

The back-EMF in the SIN winding is analyzed as an example
by using the equation (1), and the same thing is happening in
the COS winding.

E;, (6,,0)=E, sin(p,0,) (M

In equation (1), 6, is the rotor angular position, p, is the rotor
pole number. When the rotor leaf pole spins through the four
stator coils, the PM flux linkages of the four coils change,
inducing alternating back-EMFs (motional back-EMFs). Fig.5
(a) shows the flux linkages in the windings. The SIN and COS
flux linkage waves have the same amplitude, but opposite
offsets, due to the opposite wiring directions.
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E,, in equation (1) is defined as:

E,=paoog, )
where ¢, is the PM flux linkage amplitude, w, is the
mechanical angular speed.

Fig. 5(b) illustrates the orthogonal back-EMFs. The offsets
in Fig. 5(a) are removed, as the EMF is the derivative of the
flux linkage. Two-phase back-EMFs are two orthogonal
sinusoidal voltage signals, which can be converted to calculate
the rotor angular position directly by a phase lock loop (PLL).
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Fig. 5 FEA results of the 4-X resolver. (a) The flux linkages in the windings. (b)
The back-EMFs. (¢) FFT analysis of the COS back-EMF.

The THD of the COS signal is analyzed by the (fast fourier
transform) FFT, there is an obvious 2"-order component
existing in the spectrum. This is because the saturation
imbalance occurs on the single-side in each cycle. This

phenomenon can be observed in the experimental result, Fig.
14-15.

B.Design with Odd Number of Rotor Poles
In the industrial application, the number of resolvers’ rotor
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salient poles is usually same as the corresponding machine’s
pole-pair number. High-speed motors are sometimes designed
with an odd number of rotor poles [30], therefore the resolver
with odd number of poles is also needed. The resolver with odd
poles cannot, like the one with even poles, use the intuitive
winding distribution scheme. To fully demonstrate the
availability of the proposed concept, two resolvers with even or
odd poles are discussed respectively in this paper.

As an example of the resolver with odd number of salient
poles, Fig.6 illustrates the exploded view of a 5-X VR resolver
with the compact slotless structure.

Fig. 6 A 5-X resolver with the slotless structure.

1) Issue of the Poles Mismatch

According to the previous plan, one leaf blade corresponds to
one magnetic pole, however, when the leaf number is odd, this
configuration cannot be implemented. As is illustrated in Fig. 7,
the magnetic poles number cannot match the rotor salient pole
number. The polarity of the magnet in the red circle cannot be
defined. The magnetic poles must come in pairs, thus they can
never be with odd numbers. In this paper, this problem is solved
by the field modulation concept, taking the 5-X VR resolver as
an example.
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Fig. 7 Magnets distribution with the scheme of the above 4-X resolver.
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Fig. 8 A configuration of the proposed 5-X resolver. (a) The resolver stator. (b)
The leaf shape rotor. (¢) Winding distribution, 32 turns per coil.

=

2) Field modulation solution

The field modulation concept is a novel category of the
machine design philosophy [31]-[33] that can coordinate the
field components with different pole-pairs. The applicable
solution is explained with this 5-X resolver scheme. To explain
the concept in a simple way, only fundamental component is
considered. Take the signal at position 0y as an example, the
magneto-motive force (MMF) and permeance are expressed as:

Froy (90): Fouo Sin(pPM 90) 3

2(6,,6,) = Lo P . Fain cos[ p, (6, —6,)] + s P ;lmi" “
where 6 is the position at the circumference ordinate, Fpyp is
the maximum amplitude of the MMF, Amax and Amin are the peak
values of the airgap permeance. The ppy is magnetic pole-pair
number. The field modulation effect produces the flux linkage
at 0y by the MMF multiplying/modulating the permeance,

¢PM (9059,-)= NF,, (00)’1(60’07')
4 ax _ﬂmin .
:“‘“TNFPMOcos[p,(HO -6, )]sm(pPMHO) (5)
A+

_|_%NF},M0 Sin(pPMQO)

where N is the number of turns (SIN/COS coils). The
modulated motional back-EMFs can be obtained by using the
derivative of flux linkage with respect to time.

d 6,,0
E(goﬂgr): ¢PM2t0’ r)
;i‘lnax _ﬂ’min : :
= NF,,,,0,D, S sin[ p, (6,-6.)]sin(py,06,)

(6)
= Lpyo COSI:(pr ~ Pryu ){90 _%t]:l_

P~ Ppry

a)‘ r
Epyq cos (pr + Pry )(‘90 —’—th
P+ Py

In this case, rotor leaf blade number p, = 5, magnetic
pole-pair number ppy = 2. Fig. 9 is a concise diagram showing
the magnetic filed, permeance waveform and winding
arrangement.
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Fig. 9 The concise diagram of field modulation analysis.

By assuming that the permeance waveform is a carrier wave,
the MMF can be perceived as a modulation wave. In equation
(6), the field modulation effect generates the two components,
which can be recognized by the stator windings.

3) Signal Analysis

Referring to Fig. 9, the MMF is constant Fpy for coils #1, 2,
3,7, 8,9, and constant -Fpy, for coils #4, 5, 6, 10, 11, 12. The
flux linkage of coils #1, 2, 3, 7, 8, 9 is expressed as:

¢PM (QOJ): NF,,, x

A=A
{%cos[p,(ﬁo—@ﬂ+

The flux linkage expression of the last six is similar, but with
a negative sign. The induced SIN/COS flux linkage of the
winding is a sum of the six SIN/COS coils:

¢S1N(t):¢#1+¢#3+¢#5+¢#7+¢#9+¢#11
- o [ Zilog [2E 4]
=Pour (O’t) ¢PM(3’tj ¢pM( 3 ,f] Do (ﬂ,t)(g

4z S
+¢PM (T’IJ+¢PM (T?Zj

¢c05 (t) = ¢#2 +¢#4 +¢#6 +¢#8 +¢#10 +¢#12

= _¢PM [%7tj_¢PM (%’tj+¢PM (%’t)

+¢PM (%zt}"@w (37”9tj_¢PM (“Tﬂvt]

The induced back-EMF is the derivative of the flux linkage
with respect to time. Therefore, the SIN/COS signals are
obtained as:

de,, (t
Esin (t) :%() = \/ENFPerpr (ﬂmax _lmin)><

—sin(p,0, )+ sin|:pr [9, —%ﬂ +sin {p, (Hr ‘Z?HH
w021} 05 | ][0

dé.. (¢
Ecus (t) = %() = \/ENFPM a)rpr (/Imax - /?"min )X

lsm(p, (0% Jronl 2 (05 ) [-onln (o)
sl o022 sl o2 s 0,12

(11)
With p, =5, the equations (10) and (11) are shorted as:

E; (1)=Epy, sin(Sw,,Hz—”)

}“max + /?’min (7)
2

©

, (12)
E.  (1)=Epy, sin[Sath +?ﬂ)
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where E,,,, = MMM@H (ﬂ’max ~hin ) .

The proposed resolver model is simulated by FEA, and data
is figured in Fig. 10. Fig. 10(a) shows the flux linkage at 5,000
r/min. Fig. 10(b) displays the voltage signals (back-EMFs) Esv
and Ecos, which are motional back-EMFs, induced by magnetic
field. They are apparently two-phase sinusoidal waveforms
with /2 (90° elec.) phase shift with respect to each other, and
exhibit good sine quality, agreeing well to the qualitative
analysis in equation (12).
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C
Fig. 10 FEA results of the 5-X resolveg, )at 5,000 r/min. (a) The flux linkages in
the windings. (b) The back-EMFs. (c) FFT analysis of the COS back-EMF.
With FFT calculation, the signal THD is 1.81%, which is
much less than that of the proposed 4-X example. This is
because there is no any DC offset in the flux, Fig. 10(a), the
saturation effect thus does not affect the signal shape.

[ll.  SIGNAL PROCESSING SCHEME
The SIN/COS signals of the resolver are preprocessed by the
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amplifier circuit, regulating the signals with the same amplitude
and limiting the signals in the range of 0-3 V. The DSP (analog
to digital conversion) ADC module then samples the signals.
The rotor angular position can be calculated by a normalizer
module and a phase-locked loop (PLL) module. Fig. 11 shows
the decoding strategy.

} PLL :
o . sind, ‘ , | o’
E Normalizer |.qq gl sm(i?, -0 ) F» PI » - e
—E g ’f'r‘ S |
+ \ A |
OS> } sind)’,cos 0 :

Fig. 11 The rotor angular position calculation strategy.

The signals of the commercial resolvers can be processed by
the decoding ICs (e.g. AD2S1210, AU6802) and acquired by a
motor controller. For the proposed resolver, there is no need for
a special IC, only a common amplifier-composed circuit is
required, then a regular processer can extract the angular
position directly with only a few microseconds.

V. EXPERIMENT VALIDATION

The two resolvers are prototyped and compared with the
commercial resolvers with their corresponding polar pairs.

As the resolvers are prototyped by handwork in the lab, the
airgap, stator core and rotor are thick for easy assembling. The
windings are made by a 0.8 mm thickness PCB with 4 layers.
For industrial manufactures, the thicknesses of the components
can be appropriately reduced, the PCB layers can be improved,
and the axial size of the resolver can thus further reduce, then
the thinner resolver and lower cost can be obtained.

To validate the function of the proposed resolver system, an
experimental setup is established as shown in Fig. 12. The
commercial resolver (benchmark) and the proposed prototype
are back-to-back gathered on the same shaft, driven by a DC
brush motor. Limited by the mechanical installation, the system
can stably support testing up to 10,000 r/min. The commercial
resolver requires a commercial decoding chip (AD2S1210) on
the decoding board.

NIV OF MANAGEMEN
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Fig. 12 Construction of the experimental setup.

There are three digital-to-analog channels (DACs) on the
DSP, two channels display the decoded angular position, by the
proposed resolver and the commercial resolver respectively.
And the third channel is to display the measurement error.

There is an AD2S1210 based decoding circuit mounted with
the DSP (TMS320F28379D), which can acquire the shaft
angular position from the AD2S1210. Meanwhile, the amplifier
circuit processes the differential SIN/COS signals, and
provides regulated signals to the DSP ADC channels for the
decoding. By this way, the DSP can acquire the shaft angular
position from the two resolvers synchronously, and calculate
the error.

A.Example I: 4-X resolver

Table I compares the dimension parameters of the proposed
4-X VR resolver and a Tamakava 4-X VR resolver (TS2225N
1974E102).

Fig. 13(a) shows the prototype of the proposed 4-X resolver,
Fig. 13(b) compares the prototype and the corresponding
commercial resolver.

TABLE I
Dimension comparison of the proposed 4-X and typical VR resolver
Parameters Proposed Benchmark
Stator coils/rotor poles 16/4 /
Stator outer diameters (mm) 52 52
Axial length (mm) 8.3 16
Air-gap length (mm) 1.2 1.0 (min)*
Magnet amount (g) 2.7 -

* measured dimension, not precise value.
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Fig. 13 The proposed 4-X prototype. (a) The proposed resolver components. (b)
Comparison with the Tamakava resolver.

The SIN/COS windings provide two-phase orthogonal PM
back-EMFs, as is shown in Fig. 14, identical to the FEA results
in Fig. 5(b). The amplitude of the SIN/COS PM back-EMFs
can be stably detected by the analog circuit. As is shown in the
top zoom window, at 5,000 r/min, the phase shift between the
back-EMFs is 0.75 ms, i.e., 90" elec. Due to the improper PCB
layout design, the SIN analog signal amplitude is lower than the
COS signal. In the experimental validation, this imbalance can
be compensated by the amplifier circuit. For the further real
application, the SIN and COS layout design on the PCB must
be strictly symmetrical to create same signal amplitudes.

In the bottom zoom window, the FFT frequency spectrogram
of COS signal is shown. The 310 Hz component is with 63 mV
amplitude and the THD is 5.3%. The SIN/COS waveforms are
not with perfect sine quality as expected, caused by the
eccentric installation and intrinsic unbalanced saturation effect.
But the signals can support the position calculation, with some
errors though.

Fundaments (310+2) =0 0631, THO= 5.20%

Amp. =63 mV,

THD = 5.29%.

e Tre—
5 88 48 88

ang
G

Fig. 14 The raw SIN/COS signals of the proposed 4-X resolver.

After an amplifier circuit processing, the signals in Fig. 14

are modified to signals that can be sampled by ADC of the DSP.

Then the digital signal process can calculate the rotor angle.

A four channel oscilloscope is used to present the
experimental measurement. Fig. 15 shows the results at 800
r/min, 5,000 r/min, and 10,000 r/min. The channel 1 shows the
modified COS signal, which is in the range of 0-3 V. Channel 2

NIV OF MANAGEMEN

shows the discrepancy between the proposed resolver
measurement and the benchmark. Channel 3 shows the
benchmark, i.e. the position read from the decoding IC.
Channel 4 shows the position extracted from the measured
SIN/COS signals.
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Fig. 15 The position measurement of the 4-X resolver. (CH1: COS signal; CH2:
position error; CH3: benchmark; CH4: the proposed measurement.) (a) 800
r/min. (b) 5,000 r/min. (¢) 10,000 r/min.

Some conclusions can be extracted from Fig. 15. First, the
COS signal amplitude linearly increases with the rotor speed.
Second, the measurement error can be limited within 6° elec.

There are some further discussions on the measurement error.
The imperfect sine quality of the SIN/COS signals caused by
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the unbalanced saturation should be responsible for the errors.
On the other hand, the mechanical assembling should also be
considered. In Fig. 15(a), the heavy error periodically occurs
and this period takes four electrical cycles. It is supposed that
the rotor surface is not strictly parallel to the stator core surface.
This is because the rotor is a 3 mm thick sheet, which is prone
to be tilted, especially for the not very tight assembly. At low
speeds, this tilt induces the position error happening in every
mechanical period, i.e., four electrical periods, Fig. 15(a). At
high speeds, with the gyroscopic effect, the tilt could get
modified to some extent, less than 3° elec. in Fig. 15(b). But the
error increases at very high speeds, less than 5° elec. in Fig.
15(c), as the vibration gets fierce with the unbalanced
centrifugal force. Hence, the machining and assembly of the
rotor is critical for the proposed axial resolver.

B.Example lI: 5-X resolver

Table II compares the dimension parameters of the proposed
5-X VR resolver and a commercial resolver (TS2640N
321E64).

TABLE IT
Dimension comparison of the proposed 5-X resovler and typical VR resolver
Parameters Proposed Benchmark
Stator coils/rotor poles 12/5 /
Stator outer diameters (mm) 52 52.4
Axial length (mm) 8.3 27.1
Air-gap length (mm) 1.2 0.4 (min)*
Ferrite amount (g) 2.7 -

* measured dimension, not precise value.

0278-0046 (c) 2021 IEEE. Personal use is
Authorized licensed use limited to: LAHORE

Fig. 16(a) shows the proposed 5-X resolver prototype, Fig.
16(b) compares the prototype and a 1-X winding rotor resolver,
which is popular in the servo industry. As a benchmark, one
cycle position data of the 1-X resolver can be transformed to be
with 5 cycles to match the 5-X resolver.

CB winding.

(b)
Fig. 16 The proposed 5-X prototype. (a) The proposed resolver components. (b)
Comparison with the Tamakava resolver.
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Fig. 17 The raw SIN/COS signals of the proposed 5-X resolver.

The SIN/COS windings provide the two-phase orthogonal
PM back-EMFs, the analog signals in Fig. 17, identical to the
FEA results in Fig. 10(b). The SIN/COS signals are shown in
the top zoom window, at 5,000 r/min, the phase shift between
the SIN/COS signals is 0.6 ms, i.e., 90 elec.

In the bottom zoom window, the FFT spectrogram of COS
signal is shown. The 435 Hz component is with 77.7 mV
amplitude and the THD is 5.05 %. The THD of proposed 5-X
resolver is smaller than the 4-X prototype.
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Fig. 18 The position measurement of the 5-X resolver. (CH1: COS signal; CH2:
position error; CH3: benchmark; CH4: the proposed measurement.) (a) 800
r/min. (b) 5,000 r/min. (¢) 10,000 r/min.

The experimental result of the 5-X resolver presents similar
features to the 4-X resolver, but with a higher accuracy, as the
THD of the 5-X resolver signal is better, and the machining of
the 5-X rotor is updated. The maximum measurement error at
10,000 r/min is around 3’ elec.

C.Practice on the Motor Drive

To practice the proposed resolver, a new 4-X resolver is
prototyped and equipped onto a PMSM motor, replacing the
original encoder. The parameters of the motor and revolver are
listed in Table III.

TABLE III
Parameters of the motor and the equipped 4-X VR resolver
Resolver Motor
Stator coils/rotor poles 16/4 Pole-pairs 4
Stator outer diameters (mm) 34 Nominal power (W) 400
Axial length (mm) 8.2 DC bus (V) 350
Air-gap length (mm) 1.2 Max. speed (r/min) 3300
Magnet amount (g) 2.3 Rating torque (Nm) 1.2

The testing rig is shown in Fig. 19, where the 4-X resolver is
mounted on the shaft tail of the PMSM motor. The size and cost
of this resolver are comparable to the hall sensors. As is stated
before, this type of resolver is designed with respect to the
pump and turbo applications, a 12-blade propeller is equipped
in front of the motor, the load torque increases with the motor
speed, reaching around 1 Nm at 3000 r/min. A motor controller
with TMS320F28379D is developed to drive the PMSM, as the
withstand voltage of the main capacitors is 450 V, the DC bus
voltage is limited under 350 V for the safety reason, then the
maximum speed the system can reach is around 3300 r/min
without the flux weakening. The controller can receive the
speed command and upload the actual speed by the CAN bus.
The oscilloscope displays the sampled SIN/COS signals and
decoded rotor angle via the DSP DAC channels.
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Fig. 19 Practicing the proposed resolver with a PMSM motor.

The DSP28379D has two CPUs, which can run different
programs independently. In this project, the CPU1 conducts the
main motor control mission with a 10 kHz space vector pulse
width modulation (SVPWM). The required angle information
is extracted by the CPU2 from a 200 kHz sample of the
SIN/COS signals. The CPU1 can grab the rotor angle in each of
the PWM switch period. Fig. 20 shows the diagram of the drive
system. The raw SIN/COS signals are differential, and the
amplitudes are too small for the DSP ADC, hence they cannot
be provided to the DSP directly. Fig. 21 shows the raw signals
when the motor shaft is passively motored by a hand electric
drill at 380 r/min and 1500 r/min respectively. The signal
amplitudes are around 20 mV at 380 r/min. As the hand drill
cannot hold a constant speed at low-speeds, the waveform
shapes are not ideally sinusoidal, but the signals are clean and
without unacceptable noises, so it can support for the angle
decoding. The hand drill speed is stable at 1500 r/min, then the
SIN/COS signals exhibit good sinusoidal shape, the THD is
3.85%, which is even better than the previous FEA result of the
16/4 resolver. Anyway, these signals can well support for the
angle decoding. As the amplitude is 82 mV at 1500 r/min, it can
be calculated that it can reach 180 mV at 3300 r/min, so the
peak-peak value (Vpp) is 360 mV. The ADC range is 3 V, and
the gain of the amplifier is set to be 15, so the V,, after the
amplifier circuit will be 2.7 V, included by the ADC range.

10 kHz DC bus
CPUL . PWM ||
w" Speed & current N SVM Driver
controller *
Ilg
7y
Angle & Current & <+
speed Voltage \—me
200 kHz T
l/dL‘
CPU2
(decoding)
L » Raw signal
Sin Analog signal sint-
ADC conditioning -—
cos (ampliier) cost- Resolver

Fig. 20 Diagram of the dual-CPU motor drive system on the basis of the
proposed resolver.
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Fig. 21 The raw signals generated by the resolver coils.

After the amplifier circuit, the SIN/COS signals are sampled
by the CPU2 per 5 us. By generating the calculation signals via
the DAC channels, the phase shift between the sampled signals
and the decoded rotor angle can be measured. In Fig. 22(a), the
decoded angle starts from the zero-cross point of the sampled
SIN signal. Without the driver, the motor phase back-EMF can
be synchronously measured with the rotor angle. The
zero-cross point of the phase back-EMF is lagging the start of
the rotor angle by 109° elec. This delay is due to the installation
position of the resolver, and can be compensated in the
decoding software. In Fig. 22(b), with a compensation, the rotor
angle is shifted by 109" elec. to align with the phase-A
back-EMF. This shift compensation is saved in the control
program, so this calibration does not need be repeated as long
as the resolver is not reinstalled. The SVPWM can be
conducted with this home set angular position.

v 2 50.0 Vot
M:m 12.5 k

Signals provided b} DSP DAC channcls

/R -'"/"\\\;/.v‘?‘:\\ﬂ"‘

} Move to align to the
3 phase back-EMF
| =

109 elec. deg! Motor phase back-EMF

|
|
|
|
|
|
|
|
|
s

(@)

0278-0046 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.or:
SCIENCES. Downloade

Authorized licensed use limited to: LAHORE UNIV OF MANAGEMEN

Main 7 12.5 k

Signals provided by DSP DAC channels
”Q[’“ NS

Aligned with the phase

w \J

__h

Motor phase back-EMF

|

/ /|
(b)

Fig. 22 Calibration to correct the home set angular position. (a) Raw rotor angle
extracted from the SIN/COS signals. (b) The rotor angle shifts by 109" elec. to
align with the phase-A back-EMF.

A motor speed control is realized with the angle information,
shown in Fig. 23(a). Before the resolver signal is significant,
the motor starts by an open-loop startup, during which the
propeller load torque is negligible. As long as the angle is
available, the motor speed control switches to close loop, and
the speed is kept at the idle speed 500 r/min. Then the step
response is tested at 3300, 2000, and 1000 r/min respectively. It
can be found that the speed stability is better at high-speeds,
rather than at low-speeds. This is because the high amplitude
signals have better immunity against the sampling noises.

All the above back-EMF signals present clean and clear
waveform when the machine is motored by an external driver
(the DC brush motor or the electric hand drill). However, when
the 10 kHz PWM switching is applied, the 10 kHz noises can be
observed in the DAC channels. Although it is not easy to judge
that whether the noises are on the ADC or on the DAC channels,
the DSP analog system must have been contaminated by the
PWM switching in the power stage. Some specific isolation and
shield measures should be added to suppress this noises.
However, from the other perspective, this proposed angular
position measurement is reliable, and can withstand the terrible
noises.
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Fig. 23 Speed control with the proposed resolver. (a) The recorded motor speed
during the test. (b) Sampled signals and decoded rotor angle at 1500 r/min.

D.Discussion and Future Work

The above experiments have helped to realize the expected
function of the proposed concept, which is the main notion of
this paper. There are two imperfections happening in the
experiment. First, the SIN signal is lower than the COS signal,
which is shown in Fig. 14. This is because there is a difference
between SIN and COS winding resistance in PCB circuit. The
PCB layout must be redesigned. But this issue can be solved by
a proper amplifier gain. Second, the THD of the proposed 5-X
resolver signal is better than that of the 4-X prototype, the
position error is also less than the latter. The improvement work
is discussed and planned below.

The root cause of the poor THD in the 4-X prototype is the
DC offset on the flux, Fig. 5(a), the asymmetrical saturation
effect damages the sine quality of the signals. Unlike the 4-X
prototype, the saturation symmetrically happens on the positive
and negative sides of the 5-X flux, Fig. 10(a). A potential
method to improve the 4-X performance is to apply the field
modulation concept, by which, the winding can be redesigned
with several other options. There would be a chance to remove
the DC offset by a proper winding distribution. As the space is
limited, the related research will be reported in further work.

V. CONCLUSION

The main contribution of this paper is to extend the concept
of stator-PM VR resolver to the axial resolver field. The
compact axial VR resolvers with leaf-style rotors are analyzed
and developed. In addition to the resolver with even pole-pairs
provided by a regular scheme, the odd pole-pairs scheme is
proposed based on the principle of magnetic field modulation.

Two prototypes for the proposed 4-X and 5-X VR resolvers
with the dedicated measurement and decoding system have
been developed. Validated by the experimental results, the
expected position measurement function is realized. Moreover,
a new 4-X resolver is specially designed for a PMSM, and
equipped on the motor, the entire drive system is developed and
the speed control on basis of the proposed resolver is validated.
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