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Asymmetric Rotor and Search Coils for Absolute
Position Sensorless Drive
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Abstract—In this paper, a design methodology and control al-
gorithms of an interior permanent-magnet synchronous machines
(IPMSM) for absolute position sensorless drive are proposed. In
conventional research on absolute position sensorless control, ini-
tial motion of the rotor was inevitable, which was not preferred
in many applications. In order to eliminate the initial motion, an
IPMSM with an asymmetric rotor and search coils is devised. In
the proposed IPMSM, the information of the absolute position is
included in the voltage signals at the search coils. By measuring
and analyzing the search coil voltages, the absolute position can
be estimated without any initial motion of the rotor. Overall per-
formances of the proposed motor are evaluated through rigorous
finite element analyses and experimental tests.

Index Terms—Absolute position sensorless drive, finite element
analysis (FEA), motor design, motor modeling, permanent-magnet
synchronous machine (PMSM).

NOMENCLATURE
P Number of pole pairs.
0, Rotor position in mechanical angle.
0, Rotor position in electrical angle, p - 6,.,,.
9r m ér Estimated values of ,.,,, and 0, respectively.
Ay Flux linkage from permanent magnets.
R Stator winding resistance.
Lqs, Lys dand g components of synchronous inductance.
vy Vys  dand g components of stator input voltage in sta-
tionary reference frame.
Ujms Ugm d and g components of search coil voltage in sta-

tionary reference frame.
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°E Degrees in electrical angle (unit of angle).
°M Degrees in mechanical angle (unit of angle).

1. INTRODUCTION

ENSORLESS control of interior permanent-magnet syn-
S chronous machines (IPMSMs) has been developed and
widely used for its advantages such as reduced cost and axial
length of the drive system and enhanced reliability. Sensorless
control algorithms can be categorized into two groups: fun-
damental model based methods [1], [2] and saliency tracking
methods [3]-[5]. Although the former methods exhibit reason-
able performance at medium- to high-speed range, the accuracy
of the rotor position estimation is degraded at zero to low-speed
range, where the magnitude of back electromotive force (EMF)
becomes smaller. The smaller back EMF means that the rotor
position estimation becomes vulnerable to disturbances such as
inverter nonlinearities and current sensing error. Saliency track-
ing methods [3]-[5] have been used at zero to low-speed range.
Since the inductances of IPMSMs are clearly determined by the
rotor position, the rotor position can be estimated by injecting
additional high frequency (HF) voltage signal and analyzing its
resultant HF current ripple.

Although there has been a lot of research conducted into
sensorless control so far, estimation of the absolute (mechanical)
rotor position has been rarely considered. In most conventional
research [1]-[5], the rotor position only in electrical angle (6,),
not in mechanical angle (6,,,), was estimated. The following
equation addresses the relation between 6, and 0,.,,, :

07‘ =D 97’m . (D

Since 6, is normally bounded between —180°E and 180°E,
0., cannot be uniquely determined from the information of
0, except in the case of p = 1. Although the information of
0, is enough in normal applications which only require the
torque/speed control, in some applications, such as control of
robot arms and machine tools, the absolute rotor position (6,,,)
should be identified and controlled. In usual ac motors, their
inductances are repeated per every electrical revolution (0, =
2m), which makes it difficult to identify 6,.,, . Thus, modification
of the basic motor design is essential for the absolute rotor
position estimation.

In [6] and [7], IPMSM designs with nonuniform winding and
an asymmetric rotor were proposed. Thanks to the stator and ro-
tor asymmetries, the inductances are not repeated like the case of
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normal motors but modulated according to 6,.,,,. The modulated
inductances can be reflected to HF current ripple induced by HF
voltage injection. This phenomenon can be exploited for iden-
tifying 0,.,,,. However, in the designs proposed in [6] and [7],
the information of 6,.,,, was measurable only at several distinct
positions. Thus, the rotor had to be aligned to specific positions
to get the information of 6,,,. This brought about undesired
initial motion of the rotor which was 100°M in [6] and 30°M in
[7], in the worst case. Due to this initial motion of the rotor, the
application area of the methods proposed in [6] and [7] could
be limited.

This paper proposes an IPMSM design for the estimation of
the absolute rotor position without the initial motion of the rotor
[8]. The proposed motor has an asymmetric rotor and additional
search coils. Injecting HF voltage to the main winding, the in-
formation of 6,,,, can be extracted from the voltages measured at
the search coils without the initial motion of the rotor. In addition
to the works addressed in [8], this paper extensively includes
pulse-width modulation (PWM) techniques for the voltage mea-
surement and basic characteristics of the proposed motor. The
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Proposed motor design. (a) Cross-sectional diagram. (b) Winding configuration. (c) Assembly of rotor pieces. (d) Overlapped rotor pieces.

effectiveness of the proposed motor and control algorithms is
verified through analytic approaches, finite element analyses
(FEA), and experiments in sequence.

II. PROPOSED METHOD
A. Basic Structure of the Proposed Motor

In Fig. 1, the structure of the proposed motor is shown.
There are two windings at the stator: main winding (ABC) that
delivers power to the motor and search coil winding (RST) that
is used to measure voltage. As shown in Fig. 1(a), the stator is
mechanically divided into three sectors because p = 3. In Fig.
1(b), connection of the coils can be seen. In the proposed design,
each phase of the main winding consists of series-connected
three 40-turn coils and the three-phase windings are linked in
Y-connection. The three search coils are also Y-connected and
they form a three-phase winding. The search coils work as
voltage transformers converting input voltage applied to the
main winding to another three-phase voltage. The numbers of
turns of the main coil and the search coil are denoted as NV, .in
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TABLE I
SPECIFICATIONS OF TEMPLATE MOTOR

Rated speed 3000 r/min Af 0.0625 Vs
Rated power 300 W R 0.49 Q
Rated current 2.85A s Lgs 7.13 mH
P 3 Ly 11.04 mH

Fig. 2. Another candidate for rotor design: Rotor with holes.

and Ng(, respectively. The structure of the proposed motor is
modified from a template motor, an [IPMSM with symmetric
rotor and without the search coils, whose parameters are listed
in Table I.

In Fig. 1(c) and (d), the structure of the rotor is shown. The
rotor consists of four rotor pieces named as Rotl-Rot4. As
shown in Fig. 1(d), the surface of each rotor piece is slightly
shaved with different depth. This means that each rotor piece has
different airgap between the stator and the rotor. For this reason,
the rotor which is an assembly of the rotor pieces provokes a
distinctive feature in the inductance. Although an ideal IPMSM
has only 2pth order saliency, the proposed motor has additional
first-order saliency coming from the shaved rotor. Dimension of
the shaving is determined so that self- and mutual inductances of
the proposed motor can have additional sinusoidal components
with a period of 6,.,,, = 2, i.e., Ly cos(b,m + ¢).

Compared to the motor design in [7], there is a compromise
that the search coils are used in the proposed motor in order to
remove the initial motion of the rotor. Of course, the insertion of
the search coils and using an additional cable give rise to extra
cost and reliability issues. However, the proposed method can
still be advantageous in comparison to using an absolute position
sensor in terms of the volume and cost. The search coils are very
thin that they do not make the motor bulky, whereas position
sensors increase the axial length of the motor. Considering the
cost, the search coil is relatively cheaper than position sensors.
Moreover, a low-bit (such as 6-bit) ADC can be used for the
measurement of the search coil voltage, which means that the
voltage sensing part can be also cheaper than a resolver-to-
digital converter (RDC) needed to drive a resolver.

Instead of the shaved rotor, a rotor with many holes near the
surface of it, shown in Fig. 2, can also be used. In the figure, it
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Fig. 3. FEA: (a) self-inductances of template and proposed motors; and (b)

their harmonic spectra.

is shown that the size of each hole gradually varies according
to the mechanical angle. As discussed in [7], such holes in the
rotor can induce saturation band near the surface of the rotor,
which brings on a similar effect of increased airgap. However,
after FEA and experimental verification of the rotor with holes,
it was concluded that it is even more difficult to get desirable
inductance profile from the holes than the shaving. From the
perspective of manufacturing, the shaved rotor is also easier to
construct. So, only the shaved rotor is considered in this paper.

B. Modeling of the Proposed Motor

Due to the shaving of the rotor, the inductance profile
according to 6,,, is slightly changed. Fig. 3 shows L,141,
which is incremental self-inductance of A; coil extracted from
FEA simulation. In current-driven simulation mode, small
variation of coil current is applied and the inductance is
calculated by

Lalal = A)\asl/Aiasl (2)

where A indicates flux linkage and A means deviation of a quan-
tity. In Fig. 3(a), L4141 of the proposed motor and that of the
template motor are shown. It can be clearly seen that L,1,; of
the proposed motor contains additional first-order component.
Fig. 3(b) compares harmonic spectra of L,1,; of the two mo-
tors. As shown in the figure, there are only DC and multiples of
2pth (sixth) order harmonic components in the template motor.
However, there are additional first- and seventh-order compo-
nents, i.e., L; and L7, in the case of the proposed motor due to
the shaving of the rotor.

Now it is necessary to analyze the effect of L; and L; on
basic characteristics and sensorless control. In order to do it, an
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analytical model of the proposed motor will be derived. Before
considering the search coils, self- and mutual inductances of
the main winding can be expressed as a function of 6,.,,,. The
inductances can be thought as sums of many frequency compo-
nents. For example, self-inductance of A; coil in Fig. 3(a) can
be expressed as

Lala,l = ZLTI Cos (nerm + ¢n) (3)
n=0

Note that nin (3) is the harmonic order on the basis of mechan-
ical angle. Considering magnetic coupling between coils, nth
order flux linkages of the main coils can be represented as (4).
In the case of the proposed motor, p equals three since it is a six-
pole machine. In (4), as shown at the bottom of the page, there is
an underlying assumption that flux linkage of a coil is affected
only by the currents flowing through the coil itself and other two
coils nearby. The phases of the inductances in (4) are intuitively
derived from the geometrical structure of the proposed motor.
In (4), k,, can be given by (5), which is derived from the feature
that fluxes passing through a coil should definitely be linked to
its two adjacent coils because magnetic flux should always be
continuous
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Considering series connection of coils in each phase and
Y connection of ABC phases, nth order inductances of ABC
phases can be deduced as (6) as shown at the bottom of the
page, where a is an arbitrary integer. Total inductance can be
expressed as

Labcs = Lls + Z Labcsn (7)

n=0

where [Aqs Aps Aes |7 = Labes|ias ibs ies |7 . Itis worth noting
that only the harmonic inductance with its harmonic order equal
to zero or a multiple of p can be seen from the main winding.
In the case of the proposed motor where p = 3, 1, and 7 are
not multiples of p. That is, L; and L; cannot be seen from the
main terminal, which implies that basic characteristics of the
proposed motor such as torque ripple and harmonics in back
EMF are rarely influenced by the rotor shaving.

In the case of ideal IPMSMs that contain only zero and 2pth
order inductances, the inductance matrix in (7), as shown at the
bottom of the page, becomes (8), where Ly = p-Ly and Lg =
p-Loy. Eq. (8) is the general inductance model of ideal IPMSMs
that is addressed in many textbooks [9], [10].

Eo— — 1 (5) Considering the effect of the search coils, the voltages at the
n 7 . . . . oy .
2 cos %W search coils can be derived as follows. Since the search coil is
cosnb,, k, cosn(&m 7L7rj 0 0 0 0 0 k, cosn(&,,m + Ln’]
3p 3p
1 2 3
k,cosn| @, ——mx| cosn| 6, ——nx| k,cosn 6, -—x| 0 0 0 0 0
3p 3p 3p
st 0 k, cosn[&m —iﬂ') cosn[&m —i/r] . 0 0 0 0 lan
st 3p 3p lyn
4 ;
i 0 0 k cosn[é’m, 73i7zj . 0 0 0 0 et
. p .
=L, . ¥ . <. (4)
) 0 0 0 0 .k, cosn[@m +l7rj 0 0 _.
- 3p -
Ao by,
1 ! 0 0 0 0 e cosn| b, +iﬂ' k,cosn| @, +i/r 0 T
| Aespn | 3p 3p | Zesp |
0 0 0 0 0 &k, cosn[ﬁ,m +i7rj cosn[&m +i7r) k, cosn[&m +i7z'J
3p 3p 3p
1 3 2
k,cosn| 6, +—rm 0 0 0 0 0 k,cosn| 6, +—rm cosn| b, +—rm
| 3 3p 3p ) ]
i 1 1\
cos ab, —k, cosa |0, — 577 —k,cosa |0, + §7T
1 2 3
p-L, | —k,cosa |0, — gﬂ' cosa | 0, — §7r —k, cosa |0, + 577 forn=a-p
_ 1 3 2
Labesn = —k, cosa <9r + 37 —k, cosa (0, + 37 cosa (0, + 37 (6)
000
000 | otherwise
000
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only for the voltage measurement, there is almost zero current
in the search coil (i4¢;,, = 0). Then nth order components of flux
linkages of A-phase main coils can be written as

)‘asln ias
Aason | = Lasn © | s (9)
Aas3n les

where equation is shown at the bottom of the page.
The flux linkages of A-phase main coils can be expressed as

)\asl 1 Lls 00 ’L'a,s 1 COSs 9T

)“(MQ = g Lls las + Z Lasn - hs + g)\f COs 97-

Aas3 Ly n=0 tes cos 0,
(10

In Fig. 1(a), RST coils are wound close to the main coils so
that they are magnetically well-coupled with A-phase coils. So,
flux linkages of RST coils can be deduced as

)\rm NSC )\asl 1 Lls )
Asm | = N Aas2 | — g Lis | ias
)\f,m matn )"(1,53 Lls
1 Nee |0 0, Noe & Z:a s
= g fN cosf, | + _ Lasn - | s | -(11)
main | o5, main ") Qes

Transforming (11) into stationary dq coordinate quantities

)LZ :| NSC > 3 T |:ZS
9m = TaqLasn T4 f"’ . (12)
L‘qm Nmain n—0 4 2 4 qus‘

In (12), T4, indicates the transformation matrix defined as

2[1-1/2 —1/2
Taq = 3 [0 V3/2 —\/3/2] '

TaqLasn %quT in (12) reduces to (14) after some algebraic
manipulation

(13)
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3
quLasn deqT
00
for n = 3a
00
(3 3 1
—cosnb,, — V3 — tan —nm - cos (n@,m — I)
I 2 2 9 2
n 3
= L5 sinnb,.,, — \2[ tan gnﬂ' sin (n@, m = g)
forn = 3a —|— 1
—cosnb,, — tan ’I’L7T cos (n@rm — I)
2 2 2
L,
3 1
L3 sin nb,., - tan §n7r - sin (n@rm — g
forn = 3a + 2
(14)

where a is an arbitrary integer.

As specified in (14), zero and multiples of 2pth order induc-
tances that determine the fundamental inductances expressed in
(8) have no impact on the search coil voltage. However, L; and
L7 that cannot be seen from the main terminal can be seen from
the search coil terminal since they are in the case of n = 3a+1
in (14). Assuming that L; and L; components are added to an
ideal IPMSM represented in (8), flux linkages of the search coils
stationary dg coordinate can be expressed as

A Nsc 3 Ty
|:)\'g :| B Nm,ain quLasndeqT |:gl :| . (15)

n=1,7 2 qu
From [v§, v5, |7 =d/dt-[A] )\.2"1] , the search coil

voltage in stationary reference frame Viqm 18 deduced as

cos 1B,

cosn (9rm -

Lasn = Ln

Nel e

k,, cosn (GTm —

7r> k, cosn (Grm —

6
cosn (Grm + 97r> k,, cosn (Grm +

7r> k,, cosn <9rm +
7r> k,, cosn (Grm —
7r> k, cosn (Grm +

3
~
1

Ol ©lot O] =
3
N————

Ol Ol O+

3
~
L

Labes = Lis + Lapeso + Labcs2p

Lis + Ly + Lp cos?20,

1
= _iLA + Lp cos2 (HT — Z) Lis+ Ls+ Lpcos2 ((‘)T + g)

3

1
fﬁLA + Lpcos?2 (97« + g)

1
_§LA + Lp cos?2 (HT — 7)

1
75LA + Lp cos 20,

1
g —§LA+LB COS2(9T—|—§)

1
_§LA + Lp cos 20, 8)

Lis+ Ly + Lpcos?2 (9,. — g)
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(16)
Some constants in (16) are defined as
L s L s L s L s
L, 2 &7 AL, & =2 q
2 2
and
A V3 Nsc 1
Kgo = (17)

2 Nmain Ldqus
S

vy, 1s neglected in (16) since the injection voltage is applied
only at d-axis (v;, = 0) in the absolute position estimation pro-
cess. The voltage term in (16) clearly contains the information
of 0, in its angle.

In Fig. 4, trajectory and angle of v§, ., according to the
absolute position calculated from FEA and from the analytic
solution in (16) are shown. Fig. 4(a) is derived from voltage-
driven simulation. Applying PWM voltage pulse to the main
terminal, the induced voltage at the search coil terminal is taken
and used to construct the voltage trajectory. For the analytic
one in Fig. 4(b), v}, is set as 207 V, which is two thirds of
Vpc. Trajectory and angle of vy, calculated from (16), well
match to FEA results, which proves the validity of (16). Small
differences between Fig. 4(a) and (b) come from small errors in

60

90 120 150 180 210

Rotor position [*M]

240 270 300 330 360

(b)

Trajectory and angle of v§ from (a) FEA simulation and (b) analytic solution in (16).
dqm

the model in (4) and that harmonic inductances other than L
and L7 are neglected in (16). Clear correlation between /v qm
and 6., visualized in Fig. 4 can be utilized for the estimation
of the absolute position.

Magnetic saturation in the motor is not considered in the mod-
eling procedure from (3) to (15). If there is magnetic saturation,
inductance formation in (4) would be changed. However, the
absolute position estimation is used only at the initial startup
where load is usually not applied and no magnetic saturation
can be presumed.

C. Estimation of the Absolute Rotor Position

In Fig. 5, block diagram of the proposed absolute position
sensorless drive system including the voltage measurement part
is shown. The inverter feeds the proposed motor through the
main terminal and the search coil terminal is linked directly to an
analog-to-digital converter (ADC) in a control board. Basic sen-
sorless control algorithm is based on the square-wave injection
method [5] with some modification. Because the dg compo-
nents of v§,,, in (16) are independent of the zero-sequence
component, it is enough to measure line-to-line voltages to
obtain vy, and vy,,. Thus, only vt and vy are measured
by the ADC. From the measured v,y and vy, vflqm can be
calculated as

Since ADC has an input range, v, and vy, should be properly
limited within the input range of ADC. Using an ADC with £10
V input range, the constraints of v}, and v;,, are

qm
. 20
- \/§’Ué’lm - ﬁ

2/3
0

~1/3
1/V3

s
Vam Urt

Ust

S
qum -

= (18)

qu

20

<t < =3 + 2=
= Ygm = dm \/g
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The constraint specified in (19) has a parallelogram shape in
stationary dq coordinate plane as shown in Fig. 4.

Fig. 6 describes typical waveforms under HF voltage injec-
tion based on carrier-based PWM implementation [11]. Two
popular PWM methods, namely symmetrical continuous PWM
(SCPWM) and discontinuous PWM (DPWM), are compared in
the figure. Three-phase pole voltage references v,y are cal-
culated from injection voltage reference, vi,;*. Pulses of v, are
generated from the comparison of v,;,.,* and the carrier wave.
The current i, varies according to v,s. As expressed in (16),
Viqm 18 proportional to the input voltage at the main winding.
Thus, v, is proportional to v,5 as shown in Fig. 6.

In order to properly measure v,; and vy;, SCPWM cannot be
used. As shown in Fig. 6(a), v,y and vy are zero at sampling
instants because the effective vector is located in the middle
of sampling period. So v, and vy cannot be measured using

19)

<w

Zc1':),-/—\ Kcm.—;./_ t,
L/ \_/

1

T T
Voltage sampling M) U Voltage sampling

LI AN S |

Sampling instants
(b)

t

f

rt

f

Typical waveforms during signal injection with (a) SCPWM and (b) DPWM.

SCPWM. Using DPWM, v, and vyt become nonzero at one out
of four sampling instants, which make it possible to sample v,
and v at that instant. Also, it is very helpful that i,; becomes
zero at that instant. Because inductances in the expression of
Viqm in (16) are influenced by magnetic saturation, it is de-
sirable that i, is zero when v, and v are sampled. For these
reasons, DPWM is temporarily used when measuring v,; and
vst- In normal operation, SCPWM is used for reduced current
harmonics to the motor.

From the measured v,; and vy, initial absolute position can
be estimated. Estimated value of the absolute rotor position can
be expressed as

- (9 tor. N) (20)

%IH

where NTW stands for a count of rotor revolution in electrical
angle. In the basic sensorless control, only 6, can be estimated.
Nm, should be estimated to get Grm
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If Zv§4m in Fig. 4(a) is seen on the basis of electrical angle,
Fig. 7 can be drawn. It is clear that Zvg, , of three sectors
have similar shapes but they are 120° apart from each other.
Average shape of Zvg, ., can be obtained using the following
manipulation which cancels the offsets

éviqm_avg (6'“ ) =

évtsiqm 1 (er) + (thsiqm 2(9T) - %ﬂ-) +
3

(szqm 3 (07) + %ﬂ-)

2D

[T L]

where in Zv§,,, . (6) subscript “x” stands for the sector num-
ber. £V m avg(fr) is calculated from an offline test and
used as a reference shape of Zvg,,, for the identification of
Nyep. Subtracting évfiqm_avg(t?,.) from Zvy,,, in Fig. 7, Fig.
8 can be derived. For easy expression, AZvy,,, (0,) can be
defined as

S A S S
Aévdqm (07») = évdqm - évdqm_avg (07»). (22)

If the rotor position is in sector 1, —60° < AZvg ., (0,) <
60°; sector 2, 60° < szgqm(er) < 180°; or sector 3,

—180° < AZVﬁqm(Qr) < —60°. From this feature, N,., can
be estimated by

BOUND Pl (AZV3 4y (9)))

N,., = round (23)

™

o

where BOUND_PI(*) stands for variable “** bounded between
—180° to 180°.

In Fig. 8, AZvg,, (6:) is represented as straight lines be-
cause it comes from FEA results that are free from measurement
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Fig. 11.  Experiment: Measured (a) input voltage at main terminal and search
coil voltages, (b) with NSC = 35, and (c¢) with NSC = 100.

error, manufacturing tolerance, inverter nonlinearity, etc. How-
ever, AZv§ qm (6,) from an experiment can vary according to
¢y Fortunately, there is +60° error margin in AZvg,, (6;).

III. EXPERIMENTAL RESULTS

The proposed motor described in Fig. 1 is constructed as a
prototype. The prototype motor is shown in Fig. 9. In Fig. 10, a
motor-generator set for experimental test is shown. In addition
to the main winding cable, there is search coil cable coming out
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from the prototype motor. The search coil terminal is linked to
the ADC ADS8556 with six channels and 16-bit resolution. This
ADC was selected for general purpose, not being selected only
for the search coil voltage measurement. Because there are only
three sectors, the sector identification does not require accurate
information of the search coil voltage. Practically, a 6-bit ADC
would be enough for this purpose.

Fig. 11 shows waveforms of the input voltage at the main
winding, v,s, and line-to-neutral search coil voltages, Vistm,
during the signal injection. DPWM is used for proper measure-
ment of v,y and v,. In the figure, the waveform of v, is in
agreement with that in Fig. 6(b) and vy, become nonzero at
one out of four sampling instants. It can be found that there is
oscillation in Vg, . The oscillation comes from LC resonance
due to parasitic capacitors at the search coils [12]. In order to
ensure that the search coil voltages are settled down at sam-
pling instants, the pulse of v,4 should be wide enough. That is,
the injection voltage should be high enough. Fig. 11(b) and (c)
shows the effects of Ngc on the measured voltage of the search
coil. First, the magnitude of v,g,, is proportional to Ngc. That
is, Ngc can be used as a parameter to scale v, . Second, the
oscillation gets larger and lasts longer with higher Ng¢ because
the parasitic capacitance at the search coil seen from the main
terminal is proportional to the square of Ngc. This provokes an
upper limit of Ngc. Nsc = 35 was selected for the proposed
motor for better waveforms of Vg, .

In Fig. 12, trajectory and angle of vg,,, obtained from
the experiment are shown. Compared with the FEA result in
Fig. 4(a), the experimental result in Fig. 12 is slightly distorted.
But as shown in Fig. 14, AZvg .. (6;,) has very small error,
which guarantees the feasibility of the absolute position estima-
tion algorithm in (23).

In Fig. 15, the absolute position estimation at various ini-
tial positions is demonstrated. At initial startup with sensorless

Fig. 14 Experiment: AZvg . (0, ) according to rotor position.

control based on the signal injection, Nm, is assumed as zero.
In every case, 300 ms is spent for taking many samples of vy
and vg; to calculate their mean values. Because the environment
of the voltage measurement can be noisy, it is required to use
mean values of v,y and vg; for the calculation of ngqm. This
time period can be tuned according to experimental environ-
ment. After 300 ms, ]\Afrev can be obtained by (23). Then, the
absolute position can be estimated by (20). After this proce-
dure, it is programmed that the rotor is aligned to the absolute
zero mechanical angle by position control. Flagapyg in the fig-
ure indicates that the absolute position estimation algorithm is
activated. Regardless of where the rotor position is initially, the
absolute rotor position can be estimated without any failure.

Fig. 16 shows the performance of absolute position control
with the positive rated load torque and the negative rated load
torque. After the estimation of the initial rotor position, rapidly
varying position command is applied. Regardless of load con-
dition, the absolute rotor position is quickly regulated to its
command.

IV. BASIC CHARACTERISTICS (FEA)

Due to the shaving of the rotor, basic characteristics of the
proposed motor might be changed. In Figs. 17 and 18, back EMF
and torque characteristics of the proposed motor are compared
with those of the template motor. These results are from FEA
simulations. Compared to the case of the template motor, there
are only slight changes in back EMF and torque harmonics of the
proposed motor. This is distinguishing feature of the proposed
motor compared to other motor designs proposed in [6] and
[7],1.e., trench-type, hole-type, and shaving-type motors, which
have additional low-order harmonics in their back EMF and
torque. However, the fundamental component of back EMF
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Fig. 17.  FEA: (a) Waveforms and (b) harmonic spectra of back EMF. Fig. 18.  FEA: (a) Waveforms and (b) harmonic spectra of torque.

and average torque are decreased by about 3% in the proposed motor designs proposed in [6] and [7] have UMFs which stroke

motor. as the rotor rotates, the direction of UMF of the proposed motor
Since the rotor of the proposed motor is designed to be follows the rotor position as shown in Fig. 19(b).
asymmetric, there can be unbalanced magnetic force (UMF). Undesirable effects such as decreased average torque and

In Fig. 19, magnitude and direction of UMF are shown. For the UMF are inevitable since the rotor is asymmetrically shaved.
computation of UMF, Maxwell’s stress tensor at the mid-airgap Based on the magnetic circuit analysis of IPMSMs addressed
between the rotor and the stator is used [13]. Although the in [14], the flux generated by permanent magnets (PMs) can be
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expressed as

Fpu

Ppum Rew + R, (24)
where Fpy; stands for MMF generated by a PM. Rpy; and R,
are reluctances of a PM and airgap, respectively. MMF drop
in the core is neglected. ®pj; is proportional to the PM flux
linkage A ¢. From (24), it can be understood that the decrease of
back EMF and torque are brought about due to increased R, by
the shaving. Letting Ag be the increment in airgap due to the
shaving, variation of A; can be approximated as

Aky ox —Ag (25)

because the increment of R, by Ag is much smaller than Rpy;
+ R,. In similar senses, it can be deduced that L; and the
magnitude of UMF are also proportional to Ag. These relations
can be summarized as

[Arf] =ky - Ly

| Euyll = kr - Ly (26)

where ||F), | is average magnitude of UMF vector. Based on
FEA data, k; = 22.47 A and kr = 522.8 KN/H. Eq. (26) claims
that the undesirable effects can be alleviated if L, is reduced by
less shaving the rotor. However, there is a limit on how small ;
can be. Eq. (16) can be simplified as

[Vaqm || o< Nsc L 27)

which implies that if L; becomes smaller [v§,,, || can be re-
duced, which degrades signal-to-noise ratio (SNR) of the mea-
sured Vg, - Itis possible to keep [ Vg, || the same by reducing
L, and increasing Ngc simultaneously. But it should be noted
that there is an upper limit of Ngc due to the oscillation issue
as aforementioned. Thus, the dimension of the shaving and Ngc
should be determined considering these tradeoff relations.

V. CONCLUSION

In this paper, an IPMSM design with an asymmetric rotor
and search coils for absolute position sensorless drive has been
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proposed. The asymmetry of the rotor dimension is realized by
the shaved rotor induces first-order inductance in mechanical
angle, which is utilized in the absolute position estimation. It
has been fully analyzed that the first-order inductance does not
affect the basic inductance seen from the main terminal, but only
affects the voltage at the search coils. Also, it has been shown
that DPWM has better features than SCPWM for the measure-
ment of the search coil voltages. From the measured voltages at
the search coils under the signal injection, the absolute position
could be estimated without any initial motion of the rotor. The
effectiveness of the proposed IPMSM design has been verified
by FEA simulations and experiments.
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