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Sensorless control purpose

For the sensorless control purpose, three different rotor
configurations are studied in a previous paper:(a) Interior,
(b) Ringed—pole and (c) Inset Permanent Magnet (PM)
Rotor.

Introduction

copper ring

(a) Interior PM motor (b) Ringed pole PM (c) Inset PM motor
Motor
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vocucion [

Sensorless control purpose

For the sensorless control purpose, three different rotor
configurations are studied in a previous paper:(a) Interior,
Iniroduction (b) Ringed—pole and (c) Inset Permanent Magnet (PM)
Rotor.

= Among these the inset PM machine results to have a
good performance as far as the sensorless rotor position
detection is concerned.

Then in the paper a 12—slot 8—pole inset PM
configuration is deeply studied.
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Self sensing rotor position detection

Sensorless technique

@ The detection of the rotor position by means of a high
frequency (HF) signal injection is a common sensorless
detection technique.

Self sensing

rotor position

detection @ It consists on the injection of a HF voltages in the stator
windings, which causes a HF currents.

© HF current vector draws a figure that contains
information of the rotor position.
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Rotating HF voltage vector
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Self sensing
rotor position
detection

HF rotating voltage, injected in a general rotating reference
frame d*qg*, of the type:

Uy, = Upcos(wpt)
Uy, = Unsin(wpt)

is adopted.
It is assumed that the machine is standstill (electrical speed
equal to zero).
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The magnetic model of the machine can be described by
means of the matrix of differential HF inductances in each
operating point, expressed by:

L _ LQh + th
avg — 2
L= |: L, Lth ]
Self sensing quh th L, — Ld
rotor position L o Qnh h
detection dif )

@ Lg, is the HF d—axis inductance

@ Lg, is the HF g—axis inductance

@ Lgq, is the HF cross saturation inductance
@ L, is the HF average inductance

@ Ly is the HF difference inductance.
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High Frequency current vector results of two components:

lagy, = few + lccw
with
- A An ¢
7 . LAy )
lew = vg€ (eon
Self sensing A

rotor position = Ah _ jus
detectionII leccw = sz + Lth (Z(AG €)+wht+2)

where ¢ is the displacement due to the presence of
cross-saturation between the d— and g—axis. It can be

computed as:
1 qu >
= —arctan | ——"
2 ( L gir

A9 = éme - eme.

and A = Lg,Lg, — L5,
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Self sensing rotor position detection

HF voltage vector injection in the actual dg = A6 = 0 and
then:

= A i(w z /\ e+w
ldan = — KhLavgel( rE) A L5 + L3, e /(-2rent+3)

Self sensing
rotor position
detection

é_HF o Almax o Lan + \/ Ldlf + Lth
Almln Lan _ /L2f + quh
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The HF current vector iyg, is used to recognize the
maximum axis direction of the ellipse. This should coincide
with the d-axis.

4

Self sensing
rotor position

detection [_

L)

x
v &
ISH
>

(f) Ideal case Lyq, =0 (9) Real case Lqyq, #0

However, because of the cross—saturation the actual d—axis
is not correctly recognized but an axis displaced of the
angle error e with respect to the d—axis is found.
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Figure: Sensorless rotor position estimation scheme

Y

Self sensing
rotor position
detection

Output of the estimation scheme is:

. A .
idem, = — 7/ L& 1 LB, SIN(2A6 — 2¢)

This quantity is manipulated in order to zeroing the term
Af — e. The result is:

AN)—e=0 = 9~me=9me+6
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Self sensing rotor position detection

Particular case 11

If the motor does not exhibit a cross—saturation between the
d- and g-axis, the angle error e becomes equal to zero.
The direction of maximum axis is along the d—axis.

AV
Self sensing v : i ;
rotor position HF : HF 5 ATz # Almin
detection .
Ld(] =0 Algp = Almas
— = Ay Al ALy, = AlLyin
e=0°
Alap

= Correct estimation of the rotor position.
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Self sensing rotor position detection

Self sensing
rotor position
detection

Particular case #1
No cross—saturation between the d— and g—axis. Angle

error e becomes zero.

Alnaz
HF o bR ALy # Al
Liq=0 Al = Alpgs
—» Al Al Al = AlLyin
e=0°
Alan

_ Layg+Lar  Lan

§HF = = |SHF=7——7 . =
Lavg — 4 /L(Zﬁf + LZth Lavg — L Lon
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Self sensing rotor position detection

Particular case 12

If the d— and g—axis inductances are equal, the current
variation on the d— and g—axis becomes equal.
Anyway, the HF saliency remains, due to the
cross-saturation.

Self sensing Almes

rotor position VHF

detection

Lrl'f =0 AIma.'lc 7£ Almin
if =
AI h _
—_— q Alg, = AIqh
e=45°=7/4
Almin

= Rotor position estimation with 45° angle error.
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Self sensing rotor position detection

Particular case 12

d- and g—axis inductances equal. HF saliency remains, due
the presence of the cross-saturation.

Al ez IHF
VHF N
Self sensing Laif =0 . AlLpag # Almin
rotor position \ Al _
detection —> 4 Algp, = Algp,
e=45°=7/4
Alpin
2 2
Lavg + /LG + LG, Lavg + Lag,

EHF = = |tgp=-2" 9%
Lavg A / Lglf + quh Lan - quh
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Self sensing rotor position detection

Particular case 13

In case of:

¢ No cross—saturation between the two axes

e d— and g—axis HF inductances equal

then the current ellipse degenerates into a circle.

Self sensing Alnas
rotor position VHF - N
detection . 0 N = N
dif = y
quf: 0 'HF Algh = Alpas
—» Al Algn Al = AL,

NI

Al

= Rotor position detection not allowable.
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Self sensing rotor position detection

Particular case 13

No cross—saturation and d— and g—axis inductances equal.
The current ellipse degenerates in a circumference.

Almgy
/l] e ——————— e
& I 0 Alpae = Alin
; Laif = .
rsoetgrssgssilt?ogn Lag =0 LHF Alap, = Alpax
detection —» Alpin Algn Al = AlLyin
/ v
Al
2 2
Lan + Ldlf + LdCIh Lavg
éHF = 5 > = §HF = [ =1
= av.
Lan Ldif = quh 9
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Inset 12—slot 8—pole PM machine

Inset 12—slot

8—pole PM . T

machine In red the coil of phase a. The stator exhibits a

fractional-slot non—overlapped coil winding.

Variable \ Dimension \ measure unity
Stack length 90 (mm)
External stator diameter 133.6 (mm)
Inner stator diameter 71.5 (mm)
PM thickness 4.95 (mm)
PM width 16 (mm)

PEMD 2012 Zero—speed sensorless drive capability of fractional-slot inset PM machine 20



Inset 12—slot 8—pole PM machine

Inset 12—slot
8—pole PM
machine

lg=0and Iy = 0.
Without the current the flux due to the PMs practically
doesn’t flow through the tooth.
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Inset 12—slot 8—pole PM machine

Geometry of 12—slot 8—pole inset PM motor
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Inset 12—slot

8—pole PM
machine

FE simulation have been done excluding the effect of the

magnet.
In the case of Fig.(d) there is a more density of the flux lines.

Then the Lq inductance results greater than the Ly one.
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Finte sement simuiatons

FE Simulations

@ The FE simulations have been carried out with the aim
of determining the main characteristics of the motor.

@ Some simulations have been done for different (/y, Iy)
currents, to cover a wide range of operating points.

@ Nominal currentis Iy = 10 A.

@ The current limits are —20 A< Iy <20 Aand
Finite element 0A<L ;<20 A

simulations
@ The differential inductances are computed and the
magnetic saliency of the motor is derived.
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Finite element simulations

Map of the magnetic saliency &
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simulations

o It is worth noticing that the saliency is sufficiently
high in the whole second half plane. It remains around
éur = 1.6.
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Finte sement simuiatons

Map of the ratio L/Lavg-
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simulations

¢ The difference inductance L is greater than zero in
the whole /;—/; plane.
= The rotor position is detected even under overload.
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Finte sement simuiatons

Map of the ratio Lyq, /Lavg
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Finite element
simulations

e The cross—saturation inductance L, is negligible
along the MTPA trajectory.
= The angle error ¢ is very low.

PEMD 2012 Zero—speed sensorless drive capability of fractional-slot inset PM machine 26



Finite element simulations

Map of the error |¢| due to cross—coupling (deg)
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Finite element
simulations

e ¢ remains lower than 1 e/.deg. up to the nominal
current.

e ¢ increases for higher currents, however remaining
lower than 10 el.deg. along the MTPA trajectory.
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Finite element simulations

Inset 12—slot 8—pole rotor configuration

Summary of the motor characteristics

v A difference inductance L is always greater
than zero in a whole plane, since Lgn > Lgp.

v~ The mutual differential inductance is negligible,
since it is quite similar to that on a SPM motor.

v The angle error due to the cross—saturation is

Finite element

simulations very low, especially along the MTPA trajectory.
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Bpermentairesurs [

Test bench setup

Some experimental tests have been carried out in order to
verify the self—sensing motor capability in all the dg current
plane.

INVERTER

MASTER DRIVE
MACHINE

MACHINE UNDER
TEST

Experimental
results
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Bpermentairesurs [

Experimental setup

e The machine under test is coupled to a master drive.

e The master drive can be speed- or torque—controlled by
an industrial inverter.

e The inset PM machine is controlled by a laboratory
inverter monitored by an acquisition system.

e A rotating voltage vector, with amplitude Uy, equal to 20 V,
is added to the reference power voltages ug; and ug given by
the current regulators.

e The injection frequency is set to 500 Hz.

Experimental

results e The tests have been carried out locking the inset PM
machine by the master one.
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Bpermentairesurs [

High frequency currents at two different working points
along the MTPA trajectory

iy ®)
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Experimental

sz v Each current is given by the sum of a constant value and
a sinusoidal signal due to the HF voltage injection.

v" The amplitude of the iy current oscillation is lower than
that of the iy current, being Lg, > Ly, .
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Bpermentairesurs [

High frequency ellipses in the iy—iy plane
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v The HF saliency is obtained applying: & = Almax/Almin.

PEMD 2012 Zero—speed sensorless drive capability of fractional-slot inset PM machine 32



Experimental results

HF Saliency
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Experimental v &yr for each ellipse are slightly lower to those estimated
results by FE simulation.

v &ye remains equal to 1.6 in all the left dg half—plane.

v FE simulations highlight that the saliency remains also in
overload conditions.
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Experimental
results

Experimental results

Angle error ¢
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v All the ellipses have the maximum axis practically parallel
to the d—axis.

v This means that the error ¢ is very low.

v With [i| < Iy the e remains lower than 1 el.deg..

v A low error confirms the low cross—saturation effect.

v This confirms the results given by the FE simulation.
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concusons |

Conclusions

v' The 12—slot 8—pole inset PM motor results to be very
suitable for the sensorless rotor position detection, based on
the HF voltage injection.

v The iron tooth introduced between each couple of PMs
yields a proper HF rotor saliency.

v This magnetic behaviour results to be slightly affected by
iron saturation and cross—saturation phenomena.

v This characteristics remain also under overload
operations.

Conclusions
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Thank you for the attention.

Conclusions
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