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Abstract—Lateral-stator machine (LSM) is an uncon-
ventional permanent-magnet electrical machine type that
enables direct drive for micromachining applications where
the space in the tool head is limited. In such applica-
tions, standard position sensors cannot be used due to
the space limits. The back electro-motive force (EMF) can-
not be used for position estimation as the rotor position
is needed over the full-speed range, including very low
speeds. Moreover, the load-dependent saturation of the sta-
tor core hinders an impedance-tracking-based self-sensing
approach. Therefore, this paper presents integrated posi-
tion sensors comprising sensing coils wound on the shield-
ing iron, which is a part specific to the mentioned type
of machine. Using this approach, the challenge introduced
by the specific machine geometry is turned into an oppor-
tunity to realize highly compact and robust position sen-
sors that can operate from standstill up to 200 000 r/min.
Measurement results prove the validity of the design proce-
dure. Even though developed for a specific type of electric
machine, the presented approach can be used for position
sensing of other types of electromechanical actuators.

Index Terms—High-speed drives, lateral-stator machine
(LSM), position sensing, sensing coils, speed sensing.

|. INTRODUCTION

OTOR position of a permanent-magnet synchronous

machine (PMSM) needs to be known for a closed-loop
operation. Position sensors such as encoders or resolvers can be
used to obtain the rotor position information [1], [2]. However,
these sensors not only require additional space but also increase
the cost and the complexity, and decrease the overall reliabil-
ity of the drive system. For that reason, drives without position
sensors (self-sensing drives) have been gaining an increasing
attention from both academia and industry. The back electro-
motive force (EMF) can be used to estimate the rotor position
at high speeds, whereas the variation in the machine impedance
with the rotor position can be exploited for position estima-
tion also at lower speeds [3]-[5]. In [6] and [7], signal injection
methods are presented for estimating the rotor potion based on
its relationship with the self and mutual winding inductances.
The authors of [8] discuss the position estimation errors for
a signal-injection-based position-sensing algorithm where an
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analog filter is utilized to read out the machine’s response to the
injected signal. The injection of multiple high-frequency sig-
nals with different frequencies and amplitudes is proposed in
[9], in order to increase the self-sensing capability of PMSMs
with surface-mounted permanent magnets and concentrated
windings. The self-sensing capability of an electric machine
can also be enhanced by modifications in the structure of the
machine [10], which is analyzed for induction machines in [5],
for PMSMs in [11] and for synchronous reluctance machines
in [12].

The lateral-stator machine (LSM) is presented in [13] for
applications such as dental drills, where a wide speed and
torque range is required and the space for the electric machine
is strictly limited. The LSM topology can be seen in Fig. 1(a).
As shown in Fig. 1(b), in a state-of-the-art dental handpiece, an
electric machine with a rated speed of around 40 000 r/min is
placed in the body of the handpiece, where the available space
is larger. Several stages of mechanical transmission are used to
connect the machine to the drill and to increase the speed up to
around 200 000 r/min at the same time. A high-speed machine
placed directly at the head of the dental handpiece would enable
a direct drive and omit the need for mechanical transmissions;
however, the space at the tool head is small and a state-of-the-
art electrical machine fitting there could not deliver the torque
required by the application (>5 mNm). However, an LSM as
shown in Fig. 1(c) can fit in the tool head and drive the drill
directly. Due to the peculiar shape of its stator extending later-
ally only on one side, the LSM makes use of the space at the
tool neck, which would not be used for magnetic parts in case
of conventional machine geometries.

A signal-injection-based self-sensing method is presented for
the LSM in [14], where dedicated hardware injects a high-
frequency current in the machine and the voltage response of
the machine is measured and used for estimating the rotor posi-
tion. On the other hand, Fig. 2 shows all the self and mutual
inductances in dependency of the rotor position, for the LSM
that is the outcome of the optimization procedure described
in [13]. All the self and mutual inductances go flat at the
same rotor position, making an impedance-tracking-based self-
sensing method go blind at these rotor positions. Furthermore,
the dependency of the inductances on the rotor position is heav-
ily influenced by the load of the machine due to the saturation
of the stator core. Hence, it can be concluded that an LSM opti-
mized for highest torque and lowest losses is not necessarily
suitable for self-sensing position estimation at the full-speed
range (0-200 000 r/min).

In this paper, a new position estimation method is proposed
for the LSM. Sensing coils are introduced in the machine and a
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Fig. 1. (a) Conceptual drawing of the lateral-stator machine (LSM). In
the prototype analyzed in this work, the lateral stator and the shield-
ing iron are made of amorphous iron with 23-um lamination thickness,
and the shaft is made of a solid magnetic steel. The rotor magnets are
sintered NdFeB magnets with 1.1 T remanent flux density. A retaining
sleeve is used to hold the magnets in their position at high speeds (not
shown in this figure). The shielding iron is used for guiding the flux of the
permanent magnets that are not facing the stator core. (b) State-of-the-
art electric dental handpiece. The rated speed of the electrical machine
is around 40 000 r/min. Mechanical step-up transmission stages are
used to connect the machine to the drill, whose rated speed is 200 000
r/min. (c) LSM fits in the tool head and can deliver the required torque
without using gearboxes. As the stator core is extended on one lateral
side, space is gained for the windings outside the tool head.
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Fig. 2. Results of 2-D finite-element method (FEM) analysis showing
the self and mutual inductances of the LSM optimized in [13]. L denotes
self and M denotes mutual inductances. a, b, and ¢ denote different
machine phases.

high-frequency signal is injected in these coils to measure their
impedances, which depend on the rotor position. Even though
this method cannot be called self-sensing, it omits the additional
space requirements of the above-mentioned position sensors by
integrating the position sensors into the machine. As it will
be shown later, only a 0.2mm x 0.3mm slot is enough to
accommodate a sensing coil in the considered machine, which
is smaller than what would be necessary for standard position
sensors such as a Hall effect sensor. Furthermore, sensing coils
can survive the high temperatures (>100 °C) required for the

3-D printed plastic

Sensing
coil

Permanent magnet Stator core  Shielding iron Sensing coil
(inside plastic)
(a) (b)

Fig. 3. (a) Schematic representation of an LSM with a sensing coil
wound around the shielding iron. The permanent magnets are glued
onto the shaft (shown in green) which is machined out of a solid piece
of magnetic steel. In order to hold them on the shaft at high speeds,
a retaining sleeve is used, but not shown in this figure for simplicity. In
the machine prototype analyzed in this work, the magnetic air gap is 0.6
mm. Considering the plastic case on the stator side and the sleeve on
the rotor, the actual (mechanical) air gap is 0.2 mm. (b) Photo of a shield-
ing iron with two sensing coils wound on it. The iron is placed inside a
3-D printed plastic case that facilitates the positioning of the shielding
iron and the winding of the sensing coil.

sterilization of dental handpieces. The proposed method also
decouples the position estimation from the load of the machine,
making it operational over a wide load range.

The use of sensing coils for position estimation is also
shown in [15], where the rotor position is extracted using the
voltage induced in the sensing coils due to the rotor’s move-
ment. On the other hand, as the impedance of the sensing
coils is measured in this work instead of the induced voltage,
the method presented in this work can be used also at lower
speeds, including standstill. Thus, it is a robust method that
is insensitive not only to the load but also to the speed of the
machine.

II. CONCEPT DESCRIPTION

The shielding iron is an inherent part of the presented LSM.
It is needed to guide the flux of the magnets that are not facing
the stator, such that the magnetic fields stay in a confined and
controlled space. Even though it does not effect the mean torque
capability of the machine, the geometry of the shielding iron
may change the cogging torque and the magnetic pull acting on
the rotor, as it changes the field distribution around the rotor.

Sensing coils can be wound on the shielding iron as shown in
Fig. 3(a). The position of a sensing coil ay. can be chosen freely
as long as the mechanical construction permits, which is not the
case when the machine phases are used for position sensing in a
self-sensing approach. Furthermore, as seen in Fig. 4, the mag-
netic circuit is nearly not influenced by the field generated by
the drive currents, which means that the rotor position estima-
tion is not significantly affected by the load. On the other hand,
the sensing coils increase the complexity of the machine pro-
duction and increase the number of total cables between the
machine and the inverter.

2-D FEM simulations are used to calculate the inductance
L. of a sensing coil placed at different angles oy for differ-
ent rotor positions. Fig. 5 shows the self inductances of the
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Fig. 4. 2-D FEM simulations showing the field distribution in the shield-
ing iron and the tips of the stator legs of the analyzed LSM. Rotor is
at 0° (electrical) in (a) and (c) and at 70° (electrical) in (b) and (d).
(a) and (b) No-load and (c) and (d) full-load condition. The sensing coil
is placed at asc = 15° in all cases. It can be seen that the field distribu-
tion in the shielding iron depends mainly on the rotor position and is not
significantly affected by the machine’s load.
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Fig. 5. 2-D FEM analysis results showing the self inductances of the
sensing coils placed at positions from -60° to 60°. Solid and dashed

black lines show asc = 15° and agc = —15°.

sensing coils wound between oy, = —60° and oy, = 60° with
10° steps, when the number of turns is 5. It can be seen that the
inductances of the coils at a,c = —15° and a,. = 15° can be

used for estimating the rotor position as well as the direction of
rotation.

The shape of the curves shown in Fig. 5 can be better under-
stood by looking at Figs. 5 and 4 together. The inductance Ly
of a sensing coil is at its minimum when the permanent-magnet
field pushes the part of iron under the sensing coil into satura-
tion; contrarily, it is at its maximum when the iron underneath
is furthest away from saturation.

As the waveforms have double the electrical frequency, they
cannot be used to estimate the initial rotor position. In appli-
cations where the machine is not loaded at the start-up, the
inverter can set the initial rotor position, whereas an initial
rotor-position-sensing method that utilizes the saturation in
the stator core or the shielding iron can be implemented in
applications where this is not possible.
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Fig. 6. Series resistance Rsc and self inductance Lsc of the sensing
coils measured at 1 MHz using an Agilent 4294A impedance analyzer.

I1l. HARDWARE REALIZATION OF SENSING COILS

Fig. 3(b) shows a photo of the sensing coils wound around
the shielding iron. The shielding iron is placed inside a 3-D
printed plastic case that facilitates the positioning of the shield-
ing iron with respect to the stator core and the rotor of the
LSM. Two 0.2 mm x 0.3 mm slots are present on the plastic
case in which the sensing coils are placed. Each sensing coil
has five turns. The shielding iron is made of amorphous iron
with 23-um-thick laminations. The rotor magnets are sintered
NdFeB magnets with a remanent flux density of 1.1 T. The shaft
is made of a solid cobalt-iron steel.

After winding the two sensing coils on a shielding iron, an
impedance analyzer (Agilent 4294A) is used to measure the
impedance Z. of the sensing coils at different rotor positions
at standstill. Fig. 6 shows the resistance Ry and inductance
Ly of the sensing coils when the sensing coil is modeled
using a series R-L circuit, such that the measured impedance
is Zge = Ry + jwiale, wia = 27 fia, and fio = 1 MHz.

The measurement results show that the 2-D FEM simulations
were able to predict the variation in the sensing-coil inductance
Ly with the rotor position accurately. The measurement results
also show that the sensing-coil resistance R also changes with
the rotor position, and its dependency on the rotor position fol-
lows that of the Lg.. The measured coil resistance R, consists
not only of the resistance of the copper wire, but it also reflects
the losses generated by the measurement signal in the shield-
ing iron (core losses) and the rotor (eddy-current losses) at the
injection frequency. If the injection frequency is constant, the
core and eddy-current losses change with the rotor position,
making Ry a function of the rotor position.

IV. DESIGN OF SENSOR ELECTRONICS

Fig. 7 shows a functional block diagram of the sensor elec-
tronics. A digital signal processor (DSP) is used to generate a
rectangular signal uqgp inj With frequency fiy;. This signal is low-
pass filtered using an active filter, which also acts like a buffer
and provides the sinusoidal injection current is. with the same
frequency. The capacitor Cy¢ is used to block the dc and the
low-frequency components, whereas an Ry, with sufficiently
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Fig. 7. Block diagram of the high-frequency signal injection, measure-
ment, filtering, and demodulation for rotor position estimation using
sensing coils. Only the injection/measurement channel connected to
one sensing coil is shown for simplicity. An identical channel is con-
nected to the second sensing coil. Using separate channels enables
choosing injection and demodulation signals with arbitrary phase dis-
placement.

high resistance limits the current and makes the system behave
as a high-frequency current source. The sensing coil voltage
ul, is high-pass filtered in order to remove the induced volt-
age in the coil due to the rotation of the permanent-magnet
field (back EMF). Resulting voltage ug. contains rotor position
information. This information can be extracted by a DSP that
samples the signal ug1p, which is yielded after ug is demod-
ulated and low-pass filtered. The injection and measurement
channel described here is built twice as there are two sensing
coils wound on the shielding iron, i.e., the signal injection, fil-
tering, and demodulation stages for the two sensing coils are
separate but identical.

In such a configuration, the voltages measured at the termi-

nals of the sensing coils u/ |, u.. , can be expressed as

dise1(t)
dt

+ €sc1(t) ey

diseo(t)
dt

+ €sc,2 (t) (2)

ugc,l (tv 0) = isc,l (t)Rsc,l (0) + Lsc,l (0)

disc(t)
dt
ugc,2(t’ 0) = isc2(t) Rsc2(0) + Lic2(0)

dise (t
+Msc (0) T;()

+ M. ()

where ¢ is time, 6 is the rotor position, M. is the mutual
inductance between the two sensing coils, g1 and s are the
currents, and e and es» are the back EMFs in the first and
second sensing coils, respectively.

The high-pass filter suppresses the back EMFs due to their
low frequencies; therefore, ey | and ey, are not considered any
further in the analysis. As only sinusoidal injection currents are
considered, and the amplitudes of the injected currents are too
small to lead to any saturation-related distortions in the volt-
age response of the machine (i.e., Ly changes only with rotor
position and not with injected current), the voltage drops on the
coil resistances and inductances are sinusoidal and 90° phase
shifted. This means that the phase angle of the demodulation

signal ugp, is a degree of freedom on how to synthesize the volt-
age ugc gm that will be sampled by the DSP after being low-pass
filtered.

This can be explained easily on a setup with only one sens-
ing coil and no back EMF, where the measured and high-pass
filtered sensing-coil voltage can be written as

tso(t,0) = fse Rec (0) 08 (wint) + fscwin Lsc(0) €08 (winit — 7 )
3
A well-known method to extract the amplitude of a sinu-
soidal signal with a defined frequency is multiplication with a
sinusoidal demodulation signal with the same frequency. This
results in a demodulated signal containing a dc component and
a high-frequency component with twice the frequency of the
demodulation signal. A low-pass filter can be used to suppress
the high-frequency component, yielding in a dc signal propor-
tional to the amplitude of the initial sinusoidal signal. Assuming
a demodulation signal in the form ugm(t) = cos(winjt — Gam)
where ¢qn, is the demodulation angle, the demodulated signal
Ugm can be written as

Usc,dm (t) = Usc (t)udm (t) “
tseam(t, 0) = (%SCRSC(Q) 08 (winit)

+ iscwinjLSC(H) cos(winjt —

f)) - cOS(Winjt — Pdm)

2
(%)
usc,dm(ta 9) = %scRsc(a)A + %Scwi“jLSC (Q)B ©)
where
A COS(?(JJinjt - (bdm) + COS(¢dm) (7)
2 2
and
B_ COS(2winjt — g - d’dm) + COS(¢dm B g) (8)

2 2

As the low-pass filter suppresses the components of A and B
that oscillate with twice the injection frequency, the low-pass
filtered signal w1 is expressed as

cos(bdam)
2

cos(dam — %)

2

©))
Since ug1p does not contain any injection-frequency compo-
nents, its sampling by the DSP does not need to be synchronized
with the injection, and the sampling frequency can be signifi-
cantly lower than the injection frequency. In practice, assuming
that the DSP can generate a new rotor position estimate for each
sample, the sampling frequency can be the same as the inverter
switching frequency, in order to update the rotor position
information for each inverter switching cycle.

Moreover, it can be concluded from (9) that the demodula-
tion angle ¢4y can be used to read either the voltage drop on
the coil resistance, or the voltage drop on the coil inductance,
or a combination of both. Equations (3)—(9) are derived on a
setup with one sensing coil, i.e., without any mutual coupling.
However, when mutual coupling from a neighboring sensing

Use,Ip(0) = %scRsc (0) + ’zscwinjLsc (9)
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Fig. 8. Phasor diagram of the induced voltages in two sensing coils on
one shielding iron due to the injected signals (back EMF is omitted). Blue
and red denote voltages induced in different sensing coils. (a) Currents
injected in the sensing coils are ¢, = 90° phase shifted . (b) Currents
injected in the sensing coils are ¢p = 180° phase shifted.

coil is present, depending on the phase angle ¢, between the
injected currents, the demodulation angle ¢q,, can be used to
cancel the mutual coupling in a similar way.

Fig. 8(a) shows the phasor diagram of a case where ¢, = 90°
phase-shifted currents are injected in two sensing coils with a
mutual inductance M, between them. For each sensing coil, the
demodulation angle ¢4y, can be set independently depending on
what quantity is to be read from that channel (up,1 and ugc 1p2
can be considered as the projections of the sensing-coil voltages
Use,1 and ug.» on the dashed lines). For example, in Fig. 8(a),
®am,1 = 0 leads to the reading of the difference of the voltage
drop on the first coil’s resistance and induced voltage across the
mutual reactance (Usc,ip,1 = %sc, 1 sc,1 — tsc2wWinjMsc); whereas
¢am2 = 90° omits the resistive voltage drop and the mutual
coupling, and leads to the reading of the voltage drop across the
self inductance of the second coil only (tsc,1p2 = Fsc,2Winj Lsc,2)-

Similarly, for the case shown in Fig. 8(b) where ¢, = 180°,
@am,1 = 0 enables the measurement of only the resistive voltage
drop on the first coil’s resistance (uscp,1 = %sc,14%c,1), Whereas
Pam2 = 90° leads to the reading of the difference of the volt-
age drop across the self inductance of the second coil and
the induced voltage across the mutual inductance (uscjp2 =
isc,2winjLsc,2 - isc,lwiansc)

The degree of freedom introduced by the independently
adjustable ¢p, @dm,1, and ¢gmp enables the synthesis of the
required waveform at the output of the demodulation stage,
giving the designer the flexibility to shape the voltage g
sampled by the DSP. This may be used to maximize the rotor-
position-sensing sensitivity for a given machine and sensing-
coil geometry, as explained in the following sections.

So far, multiplication with a sinusoidal demodulation sig-
nal in the form ugm(t) = cos(winjt — ¢am) has been assumed
for easier mathematical description of the demodulation pro-
cess. Nevertheless, multiplication with a rectangular signal of
the form

1, COS(wiHjt — ¢dm) Z 0 (10)
—1, cos(Winjt — Pam) < 0

ut/im(t) =
can also be used for the same purpose, and it is significantly eas-
ier to realize in hardware. As shown in Fig. 9, a simple inverting
amplifier circuit and an analog switch can be used to perform
the multiplication of u(¢) with u},(¢). Since the clock signal

Uoffset { X

Use

1

=
-

Uclk

Fig. 9. Functional block diagram showing the multiplication of usc with
a rectangular demodulation signal u/ . An inverting amplifier and an
analog switch are used to perform the multiplication in hardware. The
signals are shifted by a positive uqgset SUch that single-supply signal
electronics can be used.

uck 18 a digital signal generated by the same DSP that gener-
ates the injection signal uggp inj (cf., Fig. 7), the demodulation
angle ¢gm can be adjusted precisely in software. Moreover, the
signals are shifted by a positive offset voltage uqsser for being
able to use single-supply signal electronics.

V. DESIGN ASPECTS

So far, it has been shown that the position of the sensing coil
«vsc, the phase displacement between the injected currents ¢,
and the demodulation angles ¢dm.1, ¢am2 all influence the shape
of the signal wusc1p, Which contains the rotor position informa-
tion. Clearly, the set of these parameters needs to be selected
such that the DSP that samples the resulting w1, of differ-
ent sensing coils can estimate the rotor position based on these
voltages at all rotor positions, preferably in a computationally
efficient way such as using look-up tables (LUTs). That is, the
voltages should not go flat or reach their maxima/minima at
the same rotor position. Clearly, the proper selection of these
parameters depends strictly on the application, and a universally
optimum set of parameters cannot be defined. Nevertheless, the
above-mentioned design parameters are discussed here along
with several other design aspects in order to give the read-
ers guidelines for applying the proposed method in various
position-sensing applications.

The position oy of a sensing coil is obviously the first degree
of freedom in order to modify the dependency of its impedance
on the rotor position. However, mechanical constraints may
limit where the sensing coil can be placed. In such a case, ¢p,
@dm,1, and ¢gy o can be modified in order to modify g . As
a different example, an application can be considered where
the iron is not pushed deeply into saturation by the permanent-
magnet flux. The self and mutual inductances of the sensing
coils then do not depend strongly on the rotor position, but
depending on the position of the sensing coil with respect
to the conductive bodies in the rotor, the eddy-current losses
induced in the rotor may lead to a rotor-position-dependent
sensing-coil resistance. This can be read without the effect
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of the sensing-coil inductance as shown in Fig. 8, by setting
¢p = 180° and ¢gm,1 = ¢am2 = 0°. Different ug.), measure-
ments taken for different combinations of ¢,, @dm,1, and Gam2
are presented in Section VI, for the LSM considered in this
work.

In order to maintain a continuous rotor position sensing
and to estimate the direction of rotation, at least two sensing
coils are required. A higher number of sensing coils can be
implemented in order to have redundancy, but the additional
manufacturing effort and the space limits need to be considered.

The number of turns of a sensing coil, as in windings of elec-
tric machines, changes the ratio of current and voltage supplied
by the driving electronics. However, as the power consump-
tion of the sensor electronics is typically much lower than the
drive power, this has almost no practical importance. A higher
number of turns mean smaller wire radius for a given slot
area, and in small systems such as the LSM analyzed in this
work (with 0.06 mm? slot area), a practical limit exists on the
thinnest wire that can be used without a complicated wind-
ing method. On the other hand, the lead wires of the sensing
coils add a rotor-position-independent offset to the sensing-
coil impedance, whose ratio to the rotor-position-dependent
impedance can be decreased by using a high number of turns.
Twisting of the lead wires further decreases this impedance
offset.

Injection frequency fiy; has to be selected sufficiently higher
than highest frequency component of the back EMF induced
in the sensing coils at the maximum rotor speed, such that the
back EMF could be filtered out. Moreover, it has to be consid-
ered that the impedance Z,. of a sensing coil depends on fi;
as its inductance L. decreases and the resistance R increases
with increasing finj, and the resulting w1, waveform should
have sufficient dependency on the rotor position. Even though
the magnetic circuit is decoupled from the drive currents, para-
sitic coupling may occur when the signal and power electronics
share the same circuit board, which should also be considered
when selecting fi,; with respect to the inverter’s switching fre-
quency and/or drive current measurement sampling frequency
in order to avoid any possible parasitic crosstalk. Finally, with
higher fi,; values in the MHz range, radiated EMI compli-
ance specifications may need to be considered depending on
the application.

The magnetic material on which a sensing coil is wound has a
significant effect on its impedance. In the application presented
in this work, the shielding iron is an inherent part of the LSM,
and it is made of 23-pum-thick laminated amorphous iron sheets
due to the low losses and high-saturation flux density of this
material. However, in applications where the magnetic mate-
rial that carries the sensing coils can be freely selected, the
designer should consider the permeability and the core losses
of the material at the injection frequency as well as at the max-
imum electrical frequency of the rotor in order to guarantee
a position-dependent impedance at all rotor speeds, without
unfeasibly high core losses.

Finally, the corner frequency of the low-pass filter has to be
selected to pass all the significant harmonics of the wg, at
the highest rotor speed. For example, considering the wave-
form shown with the solid line in Fig. 5, up to the sixth

Induced voltage (V)

—— Sensing coil 1 |
—— Sensing coil 2 |

50 100 150 200 250 300
Time (us)

Fig. 10. Measured and simulated back EMF at 200 000 r/min. Solid lines
show measured and dashed lines show simulated waveforms.

harmonic need to be considered, which occurs at 80 kHz when
the machine speed is 200 000 r/min.

V1. EXPERIMENTAL ANALYSIS

The signal electronics described in Section IV are realized
in hardware to verify the design procedure. However, after the
low-pass filters, simple analog subtraction and gain stages are
utilized with variable resistors and operational amplifiers in
order to be able to shift and scale the signals easily during
measurements. In this section, the signals noted as ug, are
demodulated and filtered as described earlier; additionally, they
are shifted and scaled before being measured. The final vari-
able shifting and scaling stage makes the hardware suitable
for testing different sensing coils and different demodulation
strategies, and it can be omitted in a final design where the
sensing coil and the demodulation type are defined. A digital
oscilloscope is used to measure w1, waveforms for different
combinations of ¢, @am,1, and @, for verifying the signal
injection, filtering, and demodulation steps described earlier.
Finally, a simple method is shown at the end of this section
as an example of how a DSP sampling the voltage uj, can
determine the rotor position based on the measured voltage
waveforms.

A commercially available high-speed (500 000 r/min)
PMSM [16], which is driven in a self-sensing, closed-loop
speed control by an off-the-shelf 400 W inverter [17], is
mechanically coupled to the LSM and is used to drive the LSM
for the experiments presented here. Details on the LSM used in
this work and the test setup are given in [13]. For experiments
under load, a three-phase resistive load is connected directly
across the stator terminals of the LSM.

Even though a precise estimation of the back EMF in the
sensing coils is not directly needed for rotor position estima-
tion, the expected back EMF needs to be known in order to
design the high-pass filter properly. Fig. 10 shows the induced
back EMF in the sensing coils when the rotor is rotating at
200 000 r/min. There is a very good correlation between the
simulated and measured waveforms, which verifies the FEM

model.
The simulation results for the self inductances of the two
sensing coils placed at ae; = 15° and aep = —15° as well

as the mutual inductance between them can be seen in Fig. 11.
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Fig. 11. 2-D FEM simulation results showing the self inductances L 1
and L » of the two sensing coils as well as their mutual inductance Msc,
for different rotor positions. The sensing coils are placed at agc 1 = 15°
and ag.2 = —15°, and they have 5 turns each.
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Fig. 12. Demodulated and filtered signal uscp, measured at three dif-
ferent speeds. Blue and green denote the signals from two different
channels (two different sensing coils). (Top) 10 000 r/min. (Middle) 100
000 r/min. (Bottom) 200 000 r/min. The currents injected in the two sens-
ing coils are ¢p = 90° phase shifted and the demodulation signals in
both channels are adjusted to read only the self inductances and can-
cel out the resistive voltage drops and the effect of mutual coupling
(#dm,1 = @dm,2 = 90°). The injection frequency is fir; = 1 MHz.

A comparison of Figs. 11 to Fig. 6 reveals the validity of these
simulation results. Fig. 12 shows g p, the demodulated and
filtered signal that is fed to the DSP, at 10 000 r/min (top),
100 000 r/min (middle), and 200 000 r/min (bottom) when the
LSM is driven externally by a drive machine, under zero load.
Fig. 13 displays w1, when the machine is loaded by three
star-connected resistors across its stator terminals. For these
measurements, the injection frequency is fi,j = 1 MHz, the
currents injected in the two sensing coils are ¢, = 90° shifted,
and the demodulation signals in both channels are adjusted to
read only the self inductances and cancel out the resistances and
the mutual coupling (¢am,1 = ¢Pam2 = 90°, cf., Section IV). The
waveform stays the same throughout the whole speed range,

Voltage (V)

—0.075

—-0.05

-0.025 0
Time (ms)

0.025 0.05 0.075

Fig. 13. Demodulated and filtered signal uscp, measured at 200 000
r/min and rated load. Blue and green denote the signals from two dif-
ferent channels (two different sensing coils). The currents injected in
the two sensing coils are ¢p = 90° phase shifted and the demodulation
signals in both channels are adjusted to read only the self inductances
and cancel out the resistive voltage drops and the effect of mutual cou-
pling (¢dm,1 = ¢dam,2 = 90°). The injection frequency is fiy; = 1 MHz.
The LSM is driven by an off-the-shelf drive machine and loaded with
a three-phase resistive load connected across its stator terminals.
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Fig. 14. Simulated and measured values for the sum of self and
mutual inductances for two sensing coils. (Top) Simulated inductances.
(Bottom) Measured voltage responses of the sensing coils after filtering
and demodulation stages. In order to read the sum of self and mutual
inductances and omit the resistive voltage drops, the currents in both
sensing coils are in phase (¢p = 0°), and the demodulation angles are
¢dm,1 = ¢dm,2 = 90°. The machine speed is 10 000 r/min, the amplitude

of the high-frequency currents injected in the machine are isc = 20 mA,
and the injection frequency is finj = 1 MHz.

which verifies the design of the filters. As clearly seen, the back
EMF is successfully attenuated up to 200 000 r/min. A compar-
ison to the simulated self inductances shown in Fig. 11 reveals
that the waveforms look similar; hence, the effect of the mutual
coupling is canceled out and the self inductances are read as
intended.

Fig. 14 shows the simulated values for the sum of self and
mutual inductances for both sensing coils in the top plot. In
order to read the sum of self and mutual inductances without the
resistive voltage drops, the currents in both sensing coils are in
phase (¢, = 0°), and the demodulation angles are set as ¢qm,1 =
@dm2 = 90°. The bottom plot shows the resulting g 1p, whose
waveform is virtually identical to that of the simulation results
shown in the top plot. The machine is rotating at 10 000 r/min,
the amplitudes of the high-frequency currents injected in the
machine are %SC = 20 mA, and the injection frequency is fing =
1 MHz.
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Fig. 15. Simulated and measured values for the difference of self and
mutual inductances for two sensing coils. (Top) Simulated inductances.
(Bottom) Measured voltage responses of the sensing coils after filtering
and demodulation stages. In order to read the difference of self and
mutual inductances and omit the resistive voltage drops, the currents in
both sensing coils are ¢p = 180° phase shifted, and the demodulation
angles are ¢gm,1 = ¢dm,2 = 90°. The machine speed is 10 000 r/min,
the amplitude of the high-frequency currents injected in the machine are
isc = 20 mA, and the injection frequency is fin = 1 MHz.

Finally, Fig. 15 shows the simulation results for the dif-
ference of self and mutual inductances for both sensing coils
in the top, whereas the bottom plots shows the uj, that is
shaped to follow the same waveform by injecting ¢, = 180°
phase-shifted high-frequency currents in the sensing coils and
adjusting the demodulation angles as ¢4m,1 = ¢am2 = 90°. For
this measurement, the machine speed is 10 000 r/min, the
amplitudes of the high-frequency currents are i,. = 20 mA, and
the injection frequency is fi,; = 1 MHz.

The rotor position information contained in these waveforms
can be extracted by a DSP that samples these voltages using
an analog-to-digital converter (ADC). Today, with the ever-
increasing computational power and reducing cost of DSPs,
one can think of several different algorithms for this task.
Nevertheless, in low-power drives, signal and control electron-
ics may still take up significant portion of the overall design
effort and cost. Therefore, a position-sensing algorithm with
very modest computational requirements is presented here as
an example of how to extract the rotor position from measured
voltages. The method makes use of LUTs employing index
mapping and a few if—else statements, resulting in very simple
digital calculations.

Fig. 16 shows simulated wus .y, values for ¢p = dam1 =
¢Pam2 = 90°, scaled considering an ADC that operates between
0 and 3 V, and a margin of 0.25 V from both voltage limits.
When half of the electrical period is divided into four sectors
as shown in Fig. 16, only two LUTs are enough as the sec-
tors 1 and 3 as well as 2 and 4 are symmetrical. In order to
keep the computational effort to a minimum, an 8-bit ADC is
considered. In order to use index mapping, the voltage range
0.25-2.75V is divided into 27 equidistant voltage levels and the
rotor position corresponding to these voltage levels in sectors 1
and 2 are stored in two LUTs. These LUTs are also shown in
Fig. 16.
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Fig. 16. Four sectors in an electrical half period and two LUTs that are
used to estimate the rotor position.
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Fig. 17. Simulation results showing the validity of the proposed position-
sensing algorithm. (Top) Assumed speed profile. (Middle) Estimated
direction in blue and half period in green. (Bottom) Actual and estimated
rotor position in electrical degrees. Estimated positions are denoted with
circles.

The measured voltages (ADC results) can be used to detect
the sector, and once the sector is known, the direction of rotation
can be obtained by comparing the sampled voltage to the pre-
vious ADC result. Assuming that the initial position is known,
the algorithm can detect the half period based on the direction
of rotation and the sequence of the estimated sector numbers.
Finally, the most significant 7 bits of the ADC results is used
with the LUTSs to estimate the position within a sector. It has to
be noted that the 0 and 3 V range is divided into 27 steps such
that the most significant 7 bits of the ADC results can be used
for index mapping, but only 80 of these steps are within 0.36
and 2.27 V, which is the relevant range for the LUTs as shown
in Fig. 16. Therefore, only 160 data points need to be stored by
the DSP.

The proposed algorithm is verified with simulations using the
commercial numerical computing software MATLAB. First,
the speed profile shown in Fig. 17 (top) is assumed, and g 1p,1
and wucp2 are calculated such that they change between 0.25
and 2.75 V. Since a test case with low speeds and speed rever-
sal is considered for verification at this stage, a rather low ADC
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Fig. 18. Simulation results showing the application of the LUTs to
extract the rotor position based on the measured signals. Actual
(line) and estimated (circles) rotor positions in electrical degrees, based
on the voltages shown in Fig. 12 (bottom), when the speed is 200 000
r/min.

sampling frequency of 500 Hz is adequate. A 2-us delay is
assumed in the simulations to account for the time required
for the ADC and the following digital comparison and index-
ing operations carried out by the DSP. Fig. 17 shows that the
proposed algorithm is able to track the rotor position accurately
during constant speed operation, deceleration, speed reversal,
and acceleration.

Finally, Fig. 18 shows the same method being applied to the
measured voltage waveforms shown in Fig. 12 (bottom). Again,
MATLAB is used to simulate the ADC and the following dig-
ital operations done by the DSP. An ADC sampling frequency
of 250 kHz is considered and a delay of 2 us is assumed in
the simulation to account for ADC and the following digital
operations. The LUTSs have in total 160 entries, resulting in a
mere 160-byte memory requirement for the DSP when 8-bit
data points are considered.

VII. CONCLUSION

This paper presents robust and compact integrated position
sensors that can operate from standstill up to 200 000 r/min
for a special type of high-speed electric machine where the
state-of-the-art self-sensing methods cannot be applied due to
the unsuitable dependency of winding impedances on the rotor
position, and the use of position sensors is not possible due to
the strict space limitations.

Sensing coils are placed on the shielding iron, which is an
inherent part of the LSM, the electrical machine topology con-
sidered in this work. A high-frequency signal is injected in the
sensing coils in order to continuously track their impedances,
which contain rotor position information. As the magnetic cir-
cuit of the sensing coils is not significantly influenced by
the armature fields, the impedance of a sensing coil varies
mainly with the rotor position and not with the machine load.
Moreover, the position of the sensing coils can be chosen freely
(within the available space), such that the dependency of the
impedance on the rotor position can be modified.

Not only the position of the sensing coils on the shield-
ing iron but also the phase displacement between the high-
frequency currents injected in them, and the demodulation
strategy can be adjusted in order to shape how the resulting
voltage response of the sensing coils varies with the rotor posi-
tion. This feature of the proposed method can be very useful in

applications where the position of the sensing coils may not be
freely chosen, e.g., due to mechanical constraints. Therefore,
this paper not only presents a detailed description of how the
proposed method is applied on a specific machine but also
discusses various design aspects in order to offer the readers
guidelines on how to apply the analyzed method in different
applications.

Finally, the proposed method is verified with measurements
at 10 000, 100 000, and 200 000 r/min and a simple algorithm
based on LUTs is presented for rotor position extraction. In the
future work, the presented method will be tested under dynamic
(e.g., step) load conditions.
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