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Introduction

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.

(a) Interior PM motor (b) Ringed pole PM
Motor

(c) Inset PM motor
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Introduction

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.

⇒ 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
1 The detection of the rotor position by means of a high

frequency (HF) signal injection is a common sensorless
detection technique.

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

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

Rotation due to the
cross-saturation effect

Rotating HF voltage vector
⇓

Ellipse HF current vector
trajectory
⇓

HF saliency can be
defined as:

ξHF =
∆Imax

∆Imin

⇓
mutual inductance Ldqh

causes the ellipse
inclination ε
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Self sensing rotor position detection

HF rotating voltage, injected in a general rotating reference
frame dxqx , of the type:

ux
dh

= Uhcos(ωht)
ux

qh
= Uhsin(ωht)

is adopted.
It is assumed that the machine is standstill (electrical speed
equal to zero).
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Self sensing rotor position detection

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 =

[
Ldh Ldqh

Lqdh Lqh

] Lavg =
Lqh + Ldh

2

Ldif =
Lqh − Ldh

2

Ldh is the HF d–axis inductance
Lqh is the HF q–axis inductance
Ldqh is the HF cross saturation inductance
Lavg is the HF average inductance
Ldif is the HF difference inductance.
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Self sensing rotor position detection

High Frequency current vector results of two components:

īdqh = īcw + īccw

with

īcw = −Λh

∆
Lavgej(ωht+π

2 )

īccw = −Λh

∆

√
L2

dif + L2
dqh

e−j(2(∆θ−ε)+ωht+π
2 )

where ε is the displacement due to the presence of
cross-saturation between the d– and q–axis. It can be
computed as:

ε =
1
2

arctan
(
−

Ldqh

Ldif

)
and ∆ = LdhLqh − L2

dqh
,∆θ = θ̃me − θme.
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Self sensing rotor position detection

HF voltage vector injection in the actual dq ⇒ ∆θ = 0 and
then:

īdqh = − Λh

∆
Lavgej(ωht+π

2 )︸ ︷︷ ︸
īcw

− Λh

∆

√
L2

dif + L2
dqh

e−j(−2ε+ωht+π
2 )︸ ︷︷ ︸

īccw

ī cw
ī ccw

(d)

ī cw

ī ccw

(e)

ξHF =
∆Imax

∆Imin
=

Lavg +
√

L2
dif + L2

dqh

Lavg −
√

L2
dif + L2

dqh
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Self sensing rotor position detection

The HF current vector īdqh is used to recognize the
maximum axis direction of the ellipse. This should coincide
with the d–axis.

x

x

(f) Ideal case Ldqh = 0

x
x

(g) Real case Ldqh 6= 0

However, because of the cross–saturation the actual d–axis
is not correctly recognized but an axis displaced of the
angle error ε with respect to the d–axis is found.
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Self sensing rotor position detection

Figure: Sensorless rotor position estimation scheme

Output of the estimation scheme is:

idemf = −Λh

∆

√
L2

dif + L2
dqh

sin(2∆θ − 2ε)

This quantity is manipulated in order to zeroing the term
∆θ − ε. The result is:

∆θ − ε = 0 ⇒ θ̃me = θme + ε
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Self sensing rotor position detection

Particular case ]1
If the motor does not exhibit a cross–saturation between the
d– and q–axis, the angle error ε becomes equal to zero.
The direction of maximum axis is along the d–axis.

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

Particular case ]1
No cross–saturation between the d– and q–axis. Angle
error ε becomes zero.

ξHF =
Lavg +

√
L2

dif + L2
dqh

Lavg −
√

L2
dif + L2

dqh

⇒ ξHF =
Lavg + Ldif

Lavg − Ldif
=

Lqh

Ldh
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Self sensing rotor position detection

Particular case ]2
If the d– and q–axis inductances are equal, the current
variation on the d– and q–axis becomes equal.
Anyway, the HF saliency remains, due to the
cross-saturation.

⇒ Rotor position estimation with 45◦ angle error.
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Self sensing rotor position detection

Particular case ]2
d– and q–axis inductances equal. HF saliency remains, due
the presence of the cross-saturation.

ξHF =
Lavg +

√
L2

dif + L2
dqh

Lavg −
√

L2
dif + L2

dqh

⇒ ξHF =
Lavg + Ldqh

Lavg − Ldqh
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Self sensing rotor position detection

Particular case ]3
In case of:
• No cross–saturation between the two axes
• d– and q–axis HF inductances equal
then the current ellipse degenerates into a circle.

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

Particular case ]3
No cross–saturation and d– and q–axis inductances equal.
The current ellipse degenerates in a circumference.

ξHF =
Lavg +

√
L2

dif + L2
dqh

Lavg −
√

L2
dif + L2

dqh

⇒ ξHF =
Lavg

Lavg
= 1
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Inset 12–slot 8–pole PM machine

Geometry of 12–slot 8–pole inset PM motor

(a) (b)

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



bg=white

Introduction

Self sensing
rotor position
detection

Inset 12–slot
8–pole PM
machine

Finite element
simulations

Experimental
results

Conclusions

Inset 12–slot 8–pole PM machine

Geometry of 12–slot 8–pole inset PM motor

Id = 0 and Iq = 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

(c) Id = I and Iq = 0 (d) Id = 0 and Iq = I

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 Ld one.
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Finite element simulations

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 (Id , Iq)
currents, to cover a wide range of operating points.
Nominal current is IN = 10 A.
The current limits are −20 A ≤ Id ≤ 20 A and
0 A ≤ Iq ≤ 20 A.
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 ξHF

• It is worth noticing that the saliency is sufficiently
high in the whole second half plane. It remains around
ξHF = 1.6.
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Finite element simulations

Map of the ratio Ldif /Lavg .

• The difference inductance Ldif is greater than zero in
the whole Id–Iq plane.
⇒ The rotor position is detected even under overload.
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Finite element simulations

Map of the ratio Ldqh/Lavg

• The cross–saturation inductance Ldqh is negligible
along the MTPA trajectory.
⇒ The angle error ε is very low.
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Finite element simulations

Map of the error |ε| due to cross–coupling (deg)

• ε remains lower than 1 el .deg. up to the nominal
current.
• ε 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
X A difference inductance Ldif is always greater

than zero in a whole plane, since Lqh > Ldh.
X The mutual differential inductance is negligible,

since it is quite similar to that on a SPM motor.
X The angle error due to the cross–saturation is

very low, especially along the MTPA trajectory.
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Experimental results

Test bench setup

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

INVERTER
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Experimental results

Experimental setup

• The machine under test is coupled to a master drive.
• The master drive can be speed– or torque–controlled by
an industrial inverter.
• The inset PM machine is controlled by a laboratory
inverter monitored by an acquisition system.
• A rotating voltage vector, with amplitude Uh equal to 20 V ,
is added to the reference power voltages u∗d and u∗q given by
the current regulators.
• The injection frequency is set to 500 Hz.
• The tests have been carried out locking the inset PM
machine by the master one.
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Experimental results

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

time (s)

i d
(A

)

0 0.002 0.004 0.006 0.008 0.01
−2

0

2

time (s)

i q
(A

)

0 0.002 0.004 0.006 0.008 0.01
−2

0

2

(e) id = 0 and iq = 0

0 0.002 0.004 0.006 0.008 0.01
8

10

12

0 0.002 0.004 0.006 0.008 0.01
−4

−2

0

time (s)

i d
(A

)

time (s)

i q
(A

)

(f) id = −2 and iq = 10

X Each current is given by the sum of a constant value and
a sinusoidal signal due to the HF voltage injection.
X The amplitude of the iq current oscillation is lower than
that of the id current, being Lqh > Ldh .
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Experimental results

High frequency ellipses in the id –iq plane
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Rotation due to the
cross-saturation effect

X The HF saliency is obtained applying: ξhf = ∆Imax/∆Imin.
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Experimental results

HF Saliency
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X ξHF for each ellipse are slightly lower to those estimated
by FE simulation.
X ξHF remains equal to 1.6 in all the left dq half–plane.
X FE simulations highlight that the saliency remains also in
overload conditions.
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Angle error ε
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X All the ellipses have the maximum axis practically parallel
to the d–axis.
X This means that the error ε is very low.
X With |̄i | ≤ IN the ε remains lower than 1 el .deg..
X A low error confirms the low cross–saturation effect.
X This confirms the results given by the FE simulation.
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Conclusions

X 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.
X The iron tooth introduced between each couple of PMs
yields a proper HF rotor saliency.
X This magnetic behaviour results to be slightly affected by
iron saturation and cross–saturation phenomena.
X This characteristics remain also under overload
operations.
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Thank you for the attention.
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