
Received April 17, 2022, accepted May 6, 2022, date of publication May 18, 2022, date of current version May 26, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3176324

The Influence of Non-Sinusoidal Inductance
on Saliency-Based Position Estimation
for Permanent Magnet Machine
KUO-YUAN HUNG 1, (Student Member, IEEE), PO-HUAN CHOU2,
NAI-WEN LIU 1, (Student Member, IEEE), YU-LIANG HSU 3, (Member, IEEE),
AND SHIH-CHIN YANG 1, (Senior Member, IEEE)
1Department of Mechanical Engineering, National Taiwan University, Taipei 10617, Taiwan
2Industrial Technology Research Institute, Hsinchu 31057, Taiwan
3Department of Mechanical and Electro-Mechanical Engineering, National Sun Yat-sen University, Kaohsiung 804, Taiwan

Corresponding author: Shih-Chin Yang (scy99@ ntu.edu.tw)

This work was supported in part by the Industrial Technology Research Institute under Grant M351AR3200; and in part by the National
Taiwan University, Taiwan, under Grant 09HT512031.

ABSTRACT This paper analyzes the influence of non-sinusoidal inductance distortion on the saliency-based
position estimation for the permanent magnet (PM) machines. Because of the high-power-density design of
PM machines, the flux saturation usually causes the inductance self-saturation, inductance cross-saturation,
and most importantly, secondary inductance harmonics. This paper fully investigates the saturation effect on
saliency-based drives. Analytical model for the position estimation with saturated inductance is developed
to understand the stability of saliency-based drive. It is confirmed that the saturation effect deviates the
estimated flux position from actual rotor position. These estimation errors are critical for the saliency-based
drive especially under load. This paper defines the feasible estimation region for PMmachines with saturated
and non-sinusoidal inductances. Considering the position estimation errors due to the saturated and non-
sinusoidal inductance, the typical maximum torque per amp (MTPA) current trajectory based on the encoder-
based control system should be modified especially for the IPM machines at full load. For the machines
where the saturation condition is unknown, q-axis current without negative d-axis current is suggested to
maintain control stability while the torque reduction is resultant. By contrast, the modified current trajectory
could also be designed once the saturation reflected position estimation errors could be obtained. Finite
element analysis (FEA) with inverter co-simulation is used to investigate the inductance distortion at various
loads. A 6 kW IPM machine prototype with highly non-sinusoidal inductance is tested for the experimental
verification.

INDEX TERMS Sensorless machine drive, saliency-based position estimation, and high-frequency voltage
injection.

I. INTRODUCTION
High-performance permanent magnet machine drive requires
instantaneous position information to realize field-oriented
control (FOC). For conventional sensor-based drives, sep-
arated position sensors, e.g. encoders and resolvers, are
attached to obtain the instantaneous rotor position. How-
ever, the installation of position sensors degrades the FOC
drive reliability [1]. Elimination of separated position sensors
by using the position information from the machine itself
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(self-sensing) has become a promising solution. Consider-
ing the position sensorless drive at zero and low speed, the
rotor position can be estimated through the spatial signal in
machine inductances with high frequency (HF) AC voltage
persistent injection [2]–[4].

Unfortunately, the position information provided by the
machine inductance results in signal distortions due to
the saturation. These saturation reflected attributes include
1) the saliency magnitude reduction [5], 2) cross-saturation
(mutual-coupling) between rotor d-axis and q-axis [6], and
3) secondary inductance harmonics [7], [8]. It is impor-
tant that the influence of saturation on position estimation
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increases as the load increases. They limit the saliency-based
drive at full load, blocking them from the progress into indus-
trial products.

The flux saturation firstly reduces the saliency magnitude,
e.g. self-saturation, leading to the drive stability issue at high
load. Considering the machine control with maximum torque
per ampere (MTPA), q-axis inductance Lq decreases as the
load increases. For IPM machines with saliency whereby
q-axis Lq > d-axis inductance Ld , the saliency eventually
reduces to zero which is not useful for position estimation.
In [5], the rotor barrier is designed to reduce the load depen-
dent saturation on Lq. Both the concentrated and distributed
windings are also compared in [9] under the same IPM
machine topology. It is reported that distributed windings
lead to the minor saturation on Lq comparing to concentrated
windings. Besides, an IPM machine with reverse saliency
is proposed in [10]. Because of reverse saliency whereby
Ld > Lq, the saliency increases as the load increases, leading
to the better estimation performance at full load. However,
the torque might reduce since the reverse saliency Ld > Lq is
not as high as conventional saliency Lq > Ld .
In addition to inductance self-saturation, the flux saturation

also causes the cross-saturation between orthogonal d- and
q-axis. Under this effect, the saliency estimated flux position
is no longer aligned with actual rotor position [6]. It is noted
that d-q cross-saturation results in the constant offset on the
position estimation. The saliency-based drive fails when the
position offset is larger than 45 deg. In [11], the position off-
set is compensated based on one-dimensional look-up table
(LUT). The offset compensation is directly added dependent
on the load condition. However, in [12] and [13], it is reported
that d-q mutual-coupling is influenced by both torque load
and rotor position. Under this effect, two-dimensional LUT
is proposed to improve the offset compensation. Instead of
LUT, the stator windings, tooth shape and rotor structure can
be designed to mitigate d-q cross-saturation [14], [15].
Instead of self- and cross-saturation, the saturation also

increases secondary harmonics in machine inductances. Con-
sidering the ideally sinusoidal-distributed inductance in IPM
machines, only the 2nd-order spatial harmonic in the stator-
referred stationary frame is resultant. However, once the
saturation occurs, the stator-referred inductance contains
additional 4th-, 6th-, 8th-order, etc. harmonics. As reported
in [16], these inductance harmonics lead to periodic position
estimation errors. Consequently, the position estimation fails
once secondary harmonic magnitudes are higher than the
fundamental magnitude. In [7], the adaptive decoupling is
applied to remove these harmonics if harmonic magnitudes
and phases are well-known. In addition, neural network com-
pensation is developed through the database training with a
sensor-based drive [17]. In [18], secondary saliency harmon-
ics can be improved by the tracking of multiple saliency har-
monics. Besides in [19], the saturation reflected inductance
harmonics have more influence on the zero-sequence volt-
age measurement than saliency current measurement under
the same voltage injection. For the compensation of these

inductance harmonics, all saliency harmonic magnitudes
should be known on the estimated IPM machine.

This paper improves the saliency-based position estima-
tion for the IPM machine with saturation reflected non-
sinusoidal inductance. Although the influence of inductance
cross-saturation and secondary harmonics have been reported
on saliency-based drives, very few researches are related to
the root causes of inductance distortion on PM machines.
To fully investigate the saturation effect on saliency-based
drives, an analytical model of the position estimation with
saturated inductance is developed. For an IPM machine with
considerable inductance harmonics, it is not possible to real-
ize the saliency-based drive with conventional MTPA current
trajectory. In order to investigate the drive stability, the induc-
tance saturation property is carefully investigated to identify
the most efficient operating condition. Two modified MTPA
d-q current trajectories are proposed to maintain the saliency-
based drive stability under load. For IPM machines where
the saturation condition is unknown, q-axis current with-
out negative d-axis current is suggested to maintain MTPA
control stability. By contrast, the modified current trajectory
can also be designed once the saturation reflected position
estimation errors can be obtained. Although the efficiency is
not compatible with encoder-based drive, the saliency-based
drive can be maintained for machines with non-sinusoidal
inductances. A 6 kW IPMmachine is used for the experimen-
tal verification.

II. SALIENCY-BASED POSITION ESTIMATION
This section analyzes the inductance saturation on the
saliency-based position estimation. The saturation results in
the saliency ratio reduction, d-q cross-saturation and sec-
ondary harmonics. Analytical models are proposed to predict
the corresponding estimations errors. Position compensation
methods are then developed based on these analytical models.

A. SATURATION REFLECTED SALIENCY RATIO REDUCTION
For simplicity, an IPM machine with the linear flux distribu-
tion is firstly analyzed. Considering the ideal model, the d-q
inductances matrix Ldq and α-β inductances matrix Lαβ are
respectively derived by (1) and (2).

Ldq =
[
Ldd 0
0 Lqq

]
=

[
6L −1L 0

0 6L +1L

]
(1)

Lαβ =
[
Lαα Lαβ
Lαβ Lββ

]
=

[∑
L −1L cos(2θe) −1L sin(2θe)
−1L sin(2θe)

∑
L +1L cos(2θe)

]
(2)

where6L(Lqq+Ldd )/2 and1L(Lqq−Ldd )/2 are the average
and difference inductance. In (2), θe is the rotor position
with electrical angle. It is noted that 2θe position information
appears in Lαβ which is used for saliency-based position
estimation.

However, considering the nonlinear property of magnetic
materials, both self- and cross-saturation are resultant. Under
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this effect, all inductances in Ldq and Lαβ decrease as load
increases. Fig. 1 illustrates α-axis self-inductance Lαα in (1)
versus the rotor position.

FIGURE 1. Illustration of the saturation reflected α-axis self-inductance
versus rotor position in stator referred stationary frame.

For IPMmachines, the saturation primarily locates at rotor
ribs. It results in the considerable magnitude reduction on
6L. In addition, load reflected q-axis current also causes the
reduction on1L. Considering the self-inductance saturation,
the inductance matrix Ldq in (1) and Lαβ in (2) should be
modified by Ldq1 in (3) and Lαβ1 in (4), as shown at the
bottom of the page, where K6sat and K1sat are the coef-
ficients smaller than 1 and dependent on machine topolo-
gies. K6sat and K1sat are used to analyze the inductance
magnitude reduction respectively for average inductance 6L
and difference inductance 1L, as seen in Fig. 1. Consid-
ering the salient PM machine, the torque output consists
of electromagnetic torque and reluctance torque. At low
speed under constant torque region, the electromagnetic
torque is dominated. In this case, iq with current angle at
90 deg is larger than id at low speed with 0 deg angle.
In order to provide sufficient iq for electromagnetic torque
production, the inductance reduction at 90 deg (q-axis) with
K6sat6L+K1sat1L is larger than that at 0 deg (d-axis) with
K6sat6L–K1sat1L.
To implement the saliency-based position estimation, a HF

rotating voltage Vαβ_HF shown in (5) is superimposed on the
fundamental voltage to induce position dependent signal.

Vαβ_HF =
[
vα_HF
vβ_HF

]
=

[
vc cos(−ωct)
vc sin(−ωct)

]
=

d
dt

(
Lαβ1 · Iαβ1_HF

)
(5)

where vc is the injection voltage magnitude and ωc is
the injection frequency. In this paper, the rotating volt-
age is selected for the purpose to demonstrate the satura-
tion reflected saliency distortion. Considering the influence
of inverter non-linearity, other advanced HF voltages, e.g.
square-wave, can be selected to reduce the deadtime effect.

By superimposing the HF voltage Vαβ_HF , the inductive
voltage drop is dominant at low speed since the EMF voltage
is sufficiently low. The resulting HF current can be shown by

Iαβ1_HF

=

[
iα1_HF
iβ1_HF

]
=

vc
ωc

1
(K6sat6L)2 − (K1sat1L)2

·

[
K6sat6L sin(ωct)+ K1sat1L sin(−ωct + 2θe)
K6sat6L cos(ωct)+ K1sat1L cos(−ωct + 2θe)

]
(6)

A 2θe saliency position signal occurs on both
α- and β-axis HF current iα1_HF and iβ1_HF . Thus, the rotor
position can be estimated by extracting 2θe from and. How-
ever, the magnitude of 2θe reflected signal is proportional
to the saliency, K6sat1L. Considering the saturation, K1sat
decreases and eventually, 2θe signal disappears.

Based on the model in (6), Fig. 2 illustrates the influence of
saturation on the saliency image distortion. Here, the saliency
image is represented by the current trajectory of β-axis cur-
rent iβ1_HF versus α-axis iα1_HF in (6). In this figure, the
injection frequency ωc is designed at 1KHz and the rotor
positions θe are assumed respectively at 0 and 90 deg for the
saliency image comparison.

Four different conditions are respectively analyzed. They
are (a) no saturation at no load (K6sat = K1sat = 1),
(b) the saliency reduction at 40% load (K6sat = 0.83 and
K1sat = 0.5), (c) the reduction at 85% load (K6sat = 0.67 and
K1sat = 0), and (d) reverse saliency at 120% load (K6sat =
0.60 and K1sat = –0.2). In Fig. 2, both K6sat and K1sat in (4)
are selected based on the FEA simulation of test IPMmachine
with considerable inductance saturation. Detail explanation
of this test IPM machine will be shown in section III and IV.
The HF current trajectory at two different positions, θe =
0 deg and 90 deg, are overlaid within a single plot to clearly
illustrate the saliency image at different positions.

Considering Fig. 2(a) without the saturation, the HF cur-
rent trajectory is equivalent to an ellipse where the minor-
and major-axis are aligned respectively to θe+ 0 deg and θe+
90 deg. The actual diameter of two axes can be obtained based
on (6) by substituting the instantaneous θe.As seen in (6), the
position signal proportional to1L results in the difference of
two axes diameter. Under this effect, the diameter difference
should be as high as possible in order to achieve a high signal-
to-noise ratio (SNR) for the estimation. In Fig. 2 (a) at no load
K1sat = 1, the rotor position can be estimated by identifying
this diameter difference.

However, as saturation increases where K1sat = 0.5 in (b),
the saliency image distorts from an ellipse to a circle. It is seen

Ldq1 =
[
K6sat6L − K1sat1L 0

0 K6sat6L + K1sat1L

]
(3)

Lαβ1 =
[
K6sat6L − K1sat1L cos(2θe) −K1sat1L sin(2θe)
−K1sat1L sin(2θe) K6sat6L + K1sat1L cos(2θe)

]
(4)
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FIGURE 2. HF current trajectory of iβ1_HF versus the iα1_HF at
4 conditions: (a) no saturation at no load, (b) saliency reduction at 40%
load, (c) no saliency at 85% load, and (d) reverse saliency at 120% load.

that the diameter difference decreases. At 85% load when
K1sat = 0 in (c), the saliency image eventually becomes
a circle. Because there is no difference between major- and
minor-axis, it is not possible to obtain the 2θe position signal
in (6). Finally, in (d) when K1sat < 0, the circle changes
back to ellipse due to the reverse saliency, Ld > Lq. In this
case, the reverse saliency whereby 1L<0 is appeared once
q-axis inductance Lqq is fully saturated at full load. Under
this effect, the position estimation results in 90 deg position
offset because the major-axis is aligned with θe + 90 deg,
as demonstrated in Fig. 2(d).

B. D-Q CROSS-SATURATION
In addition to saliency ratio reduction at part A, the saturation
also causes the inductance phase offset as load increases.
Under this effect, the estimated flux position is no longer
aligned with the actual rotor position. On the basis, the cross-
saturation can be modelled by additional non-diagonal ele-
ments in matrix Ldq from (1), as given by

Ldq2 =
[
Ldd Ldq
Ldq Lqq

]
=

[
6L −1L KcsLdq
KcsLdq 6L +1L

]
(7)

where Ldq2 denotes d-q inductances matrix with cross-
saturation,Kcs is a coefficient larger than 1 dependent on load
conditions. Considering the cross-saturation, Kcs increases as
the load increases [11]. Based on (7), the corresponding α-β
inductances matrix Lαβ2 is modified by

Lαβ2 =
[

cos(θe) sin(θe)
− sin(θe) cos(θe)

]
· Ldq2 ·

[
cos(θe) − sin(θe)
sin(θe) cos(θe)

]

FIGURE 3. HF current trajectory of iβ2_HF versus the iα2_HF at
4 conditions: (a) K6sat = K1sat = 1, (b) K6sat = 0.83, K1sat = 0.5,
(c) K6sat = 0.67, K1sat = 0, and (d) K6sat = 0.60, K1sat = – 0.20 (Ldq =

10% of 6L).

= Lαβ1 + Kcs

[
Ldq sin(2θe) Ldq cos(2θe)
Ldq cos(2θe) −Ldq sin(2θe)

]
(8)

By combining the influence of both self-inductance satu-
ration at part A and cross-saturation at part B, the injection
induced HF current can be extended from (6) to (9).

Iαβ2_HF

=

[
iα2_HF
iβ2_HF

]
=
vc
ωc

(
(K6sat6L)

(K6sat6L)2 − (K1sat1L)2 − (KcsLdq)2

[
sin(ωct)
cos(ωct)

]

+

√
(K1sat1L)2 + (KscLdq)2

(K6sat6L)2 − (K1sat1L)2 − (KcsLdq)2

×

[
sin(−ωct + 2θe − 2θoffset )
cos(−ωct + 2θe − 2θoffset )

])
(9)

where θoffset = tan−1
[
(KscLdq)/(K1sat1L)

]
is dependent on

the ratio of Ldq/1L.
Comparing HF current between (6) and (9), a position

offset θoffset is resultant due to cross-saturation.
Fig. 3 illustrates the saliency image versus under same

conditions in Fig. 2 while the cross-saturation is included
whereby Ldq = 0.1 6L. As seen from Fig. 3(a) and (b),
saliency images are similar to the cases in Fig. 2.

However, the diameter difference between minor- and
major-axis is slightly longer due to additional component
from Ldq, as seen from the nominator from the last equation
in (9). In addition, a visible offset occurs on two diagonal
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axes. Because of cross-saturation, this offset is equivalent
to θoffset /2. Fig. 3 (c) shows the image at no saliency where
1L = 0. As seen for Lαβ2 in (8), cross-saturation Ldq
term also contains the position signal. Under this effect, the
saliency image with an ellipse pattern still results even when
1L = 0. The position estimation can still be implemented
by estimating the diameter difference between two axes.
At this time, θoffset in (9) is equal to 90 deg by substituting
K1sat1L = 0. Finally, in Fig. 3(d) with reverse saliency, the
position offset increases to θoffset /2+ 90 deg due to Lq > Ld .

Considering both the saturation reflected saliency reduc-
tion and cross-saturation, the position signal eventually
disappears once Ldq = 1L = 0. This operating point is
defined by the critical point for the saliency-based drive [5].
However, the discussion in [5] is under the sinusoidal induc-
tance assumption without secondary harmonics. At next part,
the influence of secondary inductance harmonics on the posi-
tion estimationwill be analyzed. It is shown that the infeasible
estimation region extends to multiple areas instead of single
critical point.

C. SECONDARY INDUCTANCE HARMONICS
Instead of saliency reduction and cross-saturation, the sat-
uration also causes secondary harmonics on the sinusoidal
inductance. In order to analyze inductance harmonics with
various harmonics, a general form of d-q inductances matrix
Ldq_G is developed in (10), as shown at the bottom of
the page. In (10), both self-inductances Ldd_G and Lqq_G

as well as mutual-inductance Ldq_G all contain 6th− order
spatial harmonics with respect to their corresponding angle
offsets,θdd,h′ ,θqq,h′ and θdq,h′ . In addition, Ldd,0, Lqq,0 and
Ldq,0 represent DC components of Ldd_G, Lqq_G and, Ldq_G
and h′ is the harmonic order from 1 to infinity. Considering
the ideal machine without saturation, h′ can be assumed by
zero, as originally seen in (1). According to the proposed
matrix Ldq_G in (10),1L can be represented as (11), shown at
the bottom of the pageWith the d-q inductances matrixLdq_G
in (10), the general form of α-β inductancesmatrixLαβ_G can
be derived in (12), as shown at the bottom of the page, based
on the frame transformation similar to (8), where

1L0 =
Lqq,0 − Ldd,0

2

1Lh′ =

√
L2qq,h′ + L

2
dd,h′ − 2Lqq,h′Ldd,h′ cos(θqq,h′ − θdd,h′ )

2

θ1h′ = tan−1
[
Lqq,h′ sin(θqq,h′ )− Ldd,h′ sin(θdd,h′ )

Lqq,h′ cos(θqq,h′ )− Ldd,h′ cos(θdd,h′ )

]

Since different inductance harmonics are cross-coupled
during the transformation, only the secondary harmonic of
h’=1 is considered in Lαβ_G for simplicity. It is given by (12)

In (12), both 4th- and 8th- order harmonic are resultant
due to a saturation reflected 6th-order inductance harmonic
in Ldq_G. By injecting a HF rotating voltage Vαβ_HF in (5),
the HF IαβG_HF current with the influence of inductance

Ldq_G =
[
Ldd_G Ldq_G
Ldq_G Lqq_G

]

=

 Ldd,0 +
∞∑
h′=1

Ldd,h′ cos(6h′θe + θdd,h′ ) Ldq,0 +
∞∑
h′=1

Ldq,h′ sin(6h′θe + θdq,h′ )

Ldq,0 +
∞∑
h′=1

Ldq,h′ sin(6h′θe + θdq,h′ ) Lqq,0 +
∞∑
h′=1

Lqq,h′ cos(6h′θe + θqq,h′ )

 (10)

1L =
Lqq_G − Ldd_G

2

=
Lqq,0 − Ldd,0

2
+

∞∑
h′=1

Lqq,h′ cos(6h′θe + θqq,h′ )− Ldd,h′ cos(6h′θe + θdd,h′ )

2

= 1L0 +
∞∑
h′=1

1Lh′ cos(6h
′θe + θ1h′ ) (11)

Lαβ_G =
[

cos(θe) sin(θe)
− sin(θe) cos(θe)

]
· Ldq_G ·

[
cos(θe) − sin(θe)
sin(θe) cos(θe)

]
=

[∑
L 0

0
∑
L

]
+

[
−1L cos(2θe)+ Ldq sin(2θe) −1L sin(2θe)+ Ldq cos(2θe)
−1L sin(2θe)+ Ldq cos(2θe) 1L cos(2θe)− Ldq sin(2θe)

]
+

[
−1L1 cos(−4θe + θ11)+ Ldq,1 sin(−4θe + θ11) −1L1 sin(−4θe + θ11)+ Ldq,1 cos(−4θe + θ11)
−1L1 sin(−4θe + θ11)+ Ldq,1 cos(−4θe + θ11) 1L1 cos(−4θe + θ11)− Ldq,1 sin(−4θe + θ11)

]
+

[
−1L1 cos(8θe − θ11)+ Ldq,1 sin(8θe − θ11) −1L1 sin(8θe − θ11)+ Ldq,1 cos(8θe − θ11)
−1L1 sin(8θe − θ11)+ Ldq,1 cos(8θe − θ11) 1L1 cos(8θe − θ11)− Ldq,1 sin(8θe − θ11)

]
(12)
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secondary harmonic h′ =1 can be shown by (13).

IαβG_HF =
[
iαG_HF
iβG_HF

]
=
∣∣I∑L

∣∣ [ sin(ωct)
cos(ωct)

]
+ |I1L |

[
sin(−ωct + 2θe − 2θoffset )
cos(−ωct + 2θe − 2θoffset )

]
+
∣∣I1L1_−4θe ∣∣ [ sin(−ωct − 4θe − θerr,4)

cos(−ωct − 4θe − θerr,4)

]
+
∣∣I1L1_8θe ∣∣ [ sin(−ωct + 8θe + θerr,8)

cos(−ωct + 8θe + θerr,8)

]
(13)

where∣∣I∑L
∣∣ = vc

ωc

6L

6L2 −1L2 − L2dq

[
sin(ωct)
cos(ωct)

]

|I1L | =
vc
ωc

√
1L2 + L2dq

6L2 −1L2 − L2dq∣∣I1L1_−4θe ∣∣
=

vc
ωc

√
1L21 + L

2
dq,1 + 21L1Ldq,1 cos(θ11 − θdq,1)

2(6L2 −1L2 − L2dq,1)∣∣I1L1_8θe ∣∣
=

vc
ωc

√
1L21 + L

2
dq,1 − 21L1Ldq,1 cos(θ11 − θdq,1)

2(6L2 −1L2 − L2dq,1)

θerr,4 = tan−1
[
1L1 sin θ11 + Ldq,1 sin θdq,1
1L1 cos θ11 − Ldq,1 cos θdq,1

]
θerr,8 = tan−1

[
1L1 sin θ11 − Ldq,1 sin θdq,1
1L1 cos θ11 + Ldq,1 cos θdq,1

]
As seen from IαβG_HF in (13), the inductance harmonic

h′ =1 causes both 4th- and 8th-order HF current har-
monics where their magnitudes are respectively denoted
by |I1L1_−4θe | and |I1L1_8θe |. Because the fundamental HF
current harmonic is located at 2θe, these two current har-
monics cause 6th-order periodic harmonics with different
position offsets θerr,4 and θerr,8 on the position estima-
tion. It is noteworthy that the saliency-based position esti-
mation is primarily based on the tracking of 2θe spatial
signal in (13). If secondary current harmonic of either
|I1L1_−4θe | or |I1L1_8θe | is higher than 2θe current |I1L|,
the position estimation ultimately fails. More importantly,
these secondary harmonics are primarily caused by the
saturation. Thus, their magnitudes increase as the load
increase.

Fig. 4 demonstrates the saliency image iβG_HF versus
iαG_HF considering the influence of secondary current har-
monic, h′ = 1 based on (13). In this simulation, two ratios
of 1L1/1L = 0.3 and 1L1/1L =1.3 are compared in
Fig. 4(a) and (b). The mutual inductance Ldq,1 is assumed
as zero for simplicity. As shown in Fig. 4, both the ellipse
size and orientation change as rotor rotates. Different from
saliency images in Fig. 2, the minor-axis is no longer simply
aligned with the instantaneously rotor position. For example,

FIGURE 4. HF current trajectory of iβG_HF versus the iαG_HF at different
rotor positions where the secondary over fundamental inductance
harmonic ratio is (a) (a) 1L1/1L = 0.3 and (b) 1L1/1L = 1.3.

FIGURE 5. Comparison of saliency-based position estimation with the
secondary inductance harmonic where the secondary over fundamental
harmonic ratio is (a) 1L1/1L = 0.3 and (b) 1L1/1L = 1.3.

minor-axis in (b) at 0, 45, and 90 deg is not aligned with cor-
responding positions. Under this effect, pulsating errors occur
on the position estimation. More importantly once secondary
harmonic magnitudes are higher than 2θe harmonic whereby
1L1/1L = 1.3 in Fig. 4(b), the ellipse size results in the
visible change and the axis is no longer aligned with the rotor
position, leading to the infeasible estimation. Fig. 5 further
evaluates the saliency-based position estimation under the
influence of secondary harmonic similar to Fig. 4,1L1/1L =
0.3 and 1L1/1L = 1.3.

In this simulation, a synchronous reference frame filter
in [7] is implemented to isolate position dependent signals
in iαG_HF and iβG_HF . After that, the arctangent calculation
is used to realize the position estimation. In Fig. 5(a), 6th-
order position harmonic is observed because of the secondary
harmonic in (13). More important in Fig. 5(b) once secondary
harmonic is larger than fundamental, the position estimation
eventually fails. This result is consistent with the analysis
in (13). Secondary inductance harmonics are key issues to
limit the position estimation. The infeasible estimation is
resultant once the resulting secondary current harmonics are
higher than the fundamental saliency current.

III. FEA SIMULATION
A 6 kW IPM machine prototype is built for FEA simula-
tion to verify the influence of saturated and non-sinusoidal
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FIGURE 6. Illustration of test PM machine: (a) stator/rotor topology, and
(b) windings configuration.

TABLE 1. Tested PM machine characteristics.

FIGURE 7. Simulation of d-q and α-β frame self- and mutual-inductances
for the test machine: d-q inductances at (a) no load and (b) full load, and
α-β inductances at (c) no load and (d) full load.

inductance on the saliency-based position estimation. Key
machine and drive specification are listed in Table 1. The
geometric feature of test machine is shown in Fig. 6. It con-
tains an 8-pole rotor with V-shape topology and a 12-slots
concentrated windings.

A. INDUCTANCE WAVEFORM DISTORTION
The inductance waveforms versus various load conditions are
analyzed in this section. The test machine model with linear
magnetic materials is firstly investigated in Fig. 7. For the
d-q frame self-inductance andmutual-inductance in Fig. 7(b),
Ldd and Lqq are constant values and the mutual-inductance
Ldq is zero.

Besides for α-β frame self-inductances and mutual-
inductance in Fig. 7(a), Lαα , Lββ , and Lαβ all results in

FIGURE 8. Simulation of d-q and α-β frame self- and mutual-inductances
for the test machine with nonlinear magnetic materials: α-β inductances
at (a) no load and (b) full load, and d-q inductances at (c) no load and
(d) full load.

sinusoidal waveforms. These waveforms are similar to the
ideal inductance waveforms.

The machine model considering nonlinear magnetic mate-
rials is then compared. Fig. 8(b) and (d) illustrate the d-q
frame self-inductances Ldd and Lqq, as well as the mutual-
inductance Ldq at no-load and full-load conditions. Besides,
Fig. 8(a) and (c) shows the corresponding α-β frame self-
inductances Lαα and Lββ , andmutual-inductances Lαβ . Based
on FEA, the non-linear inductance saturation could be con-
sidered at different loads. Different from Fig. 7(b) even at
no-load condition,Ldd in Fig. 8(b) contains visible 6th-order
harmonic because of the inductance distortion. The harmonic
with 6th-order is consistent with the inductancemodel derived
in (10). More importantly at full load, Lqq significantly
reduces where the magnitude is almost the same as Ldd .
In addition, the mutual-inductance Ldq contains both constant
offset and 6th-order harmonic. These non-ideal attributes are
primarily caused by the saturation. Both the constant off-
set and harmonic increase as load increases. On the other
hand, Fig. 8(c) and (d) illustrate the corresponding α-β frame
inductances. Because of the saturation, all inductances distort
from ideal sinusoidal waveforms. For the saturated induc-
tance model in Fig. 1, K6sat and K1sat both equal unit value
can be assumed at no-load condition in Fig. 8(b). In this
case at full-load condition in Fig. 8(d), the corresponding
K6sat and K1sat are respectively 0.9889 and 0.2320. More
importantly, the peak value in Lαα is at 60 deg instead of
90 deg from the ideal model in Fig. 1. Under this effect,
the position estimation eventually fails under load due to the
saturation reflected position offset and harmonics.
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FIGURE 9. Saliency current contour versus d-axis and q-axis current,
where (a) 2θe harmonic induced current [mA], (b) secondary 4θe
harmonics induced current [mA], (c) secondary 8θe harmonics induced
current [mA] and (d) feasible position estimation region (blue) and
infeasible region (yellow) for the test machine.

B. INFEASIBLE POSITION ESTIMATION REGION
This part investigates the infeasible estimation region.
As mentioned in section II part C, secondary inductance
harmonics cause additional current harmonics, as derived
in (14). Once any secondary current harmonic magnitude,
e.g. |I1L1_−4θe | or |I1L1_8θe |, is higher than the fundamen-
tal current magnitude |I1L |, the position estimation causes
considerable errors, and eventually leads to the infeasible
estimation.

Fig. 9 analyzes saliency currentmagnitudes contour caused
by different inductance harmonics versus q-axis current iq
and d-axis current iq. In Fig. 9, the motor inductance is sim-
ulated using ANSYS FEA software for the saliency current
analysis. The HF voltage Vαβ_HF in (5) is designed to be 1V
with 1kHz injection frequency. The rotor speed is 1rpm to
manipulate the low speed operation. In Fig. 9(a), the main
2θe saliency current harmonic magnitude |I1L | is analyzed
at different load conditions. It is observed that |I1L | results
in the insufficient magnitude when negative id is applied.
In general, Ldd increases while Lqq decreases once −id /+iq
is applied for typical MTPA control. By contrast, secondary
saliency current harmonics induced by 4θe and 8θe are respec-
tively illustrated in Fig. 9(b) and (c). Once either the 4θe
or 8θe secondary current harmonic magnitude is higher than
the 2θe magnitude, the position estimation ultimately fails.
This infeasible estimation typically occurs when -id is higher
than a certain value. By comparing these current magnitudes,
Fig. 9(d) indicates the infeasible region for the saliency-based
position estimation. In this figure, the infeasible region is
defined when the operation point is located under (14).

|I1L | <
∣∣I1L1_−4θe ∣∣ or |I1L | < ∣∣I1L1_8θe ∣∣

2θe magnitude < 4θe or 8θe harmonic magnitude (14)

Fig. 10 analyzes the position estimation performance under
different current loads. In this figure, the position is directly
calculated through the arctangent calculation of iα_HF and
iβ_HF in (13). Both iα_HF and iβ_HF are calculated based on
the nonlinear inductance data under various loads using FEA.

FIGURE 10. Saliency-based position estimation for different operating
points: (a) point A and (b) point B in Fig. 9(d).

Fig. 10(a) shows the position estimation for the operating
point at point A in Fig. 9(d) within the proposed feasible
region.By contrast in Fig. 10(b), point B is selected inside the
infeasible region. Both current loads in Fig. 10(a) and (b) are
the same while only the phase angle is different.

Although a certain amount of estimation error could be
observed at point A, the estimation maintains stable. More
importantly, compensation methods could be implemented
based on the inductance model in section II [20], [21]. How-
ever, at point B, a totally incorrect estimation that shows the
opposite direction and doubled speed is observed. It is not
possible to maintain the stability inside this specific region.
It is noted that the estimation accuracy also decreases once
the operation point is close to the infeasible region though
the estimation stability is achieved.

C. INFLUENCE ON TORQUE OUTPUT
In order to analyze the influence of position estimation
errors on the generated torque, the torque contour using
FOC with different position feedback signals is compared
in this part. They are encoder-based measured position and
saliency-based position estimation. The software-in-loop co-
simulation technique is applied to combined the FEA model
of test motor with the inverter circuit, and FOC and position
estimation algorithm.

For the encoder-based drive in Fig 11(a), the FOC drive
is realized based on the measured position through encoder.
Fig. 12(a) demonstrates the corresponding control diagrams
for MTPA control in Fig. 11(a) while the actual position
is used for d-q transformation. In this case, the correspond-
ing torque contour in Fig. 11(a) is illustrated in actual
d-q reference frame. As seen in Fig. 11 (a), the maximum
torque is achieved with –id/iq once the encoder position is
implemented.

By contrast for the saliency-based drive in Fig. 11(b), the
FOC drive is implemented based on the estimated position.
Fig. 12(b) illustrates the corresponding signal flowchart. Dif-
ferent from Fig. 12(a), the estimated position is used for
d-q transformation. Under this effect, the torque contour
in Fig. 11(b) is shown in estimated d-q frame where the
superscript of est is added to distinguish from actual frame.
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FIGURE 11. Average torque contour versus actual and estimated d- and
q- current with different current regulation controls: (a) torque contour
with encoder-based drive under the actual d-q current frame, (b) torque
contour with saliency-based drive under the estimated d-q current frame,
where the blank area in the left-hand plane represents the infeasible
region where a stable control could not be realized.

FIGURE 12. Illustration of different FOC drives: (a) the encoder-based
drive for MTPA torque control in Fig. 11(a), and (b) salience-based drive in
Fig. 11(b).

Because of the cross-saturation and secondary harmonics
mentioned in section II, position estimation errors affect
the MTPA control performance. Considering these errors,
a significant torque output reduction is observed at estimated

−iestd /i
est
q point. Different from the saliency current simu-

lation in Fig. 9, the cross-saturation is also considered in
Fig. 11(b). Considering both the cross-saturation and induc-
tance harmonics, the infeasible region in Fig. 11(b) is bigger
comparing to the region in Fig. 9.

It is noted that in Fig. 11(b), the peak torque is appeared
under+iestd /i

est
q in estimated frame. From the analytical model

in section II, the saliency-based position estimation errors
consist of position offset θoffset in (9) and position harmonics
in (13). The torque output generated by the PM machine is
represented by (15)

Te =
3
2
np
[
λpm + (Ld − Lq)id

]
iq (15)

where λpm is the PM flux and np is number of rotor pole
pairs. However, the actual d- and q-axis current is not possible
to obtain if there are errors between actual position and
estimated position. In general, the relationship between actual
and estimated d- and q-axis current is shown by (16).[

id
iq

]
=

[
cos (θerr ) sin (θerr )
− sin (θerr ) cos (θerr )

] [
iestd
iestq

]
(16)

where θerr is position errors including the position offset due
to the inductance cross-saturation, and the periodic errors due
to inductance harmonics. Therefore, the torque can be derived
by (17) with estimated d- and q-axis current considering
estimation errors.

Te =
3
2
np
{
λpm + (Ld − Lq)

[
iestq sin (θerr )+ iestd cos (θerr )

]}
·

[
iestq cos (θerr )− iestd sin (θerr )

]
(17)

Comparing the torque contour in Fig 11(a) and (b),
the MTPA current trajectory should be redesigned for the
saliency-based drive due to the effect of the dq cross-
saturation and the secondary inductance harmonics.

IV. EXPERIMENTAL RESULTS
The same 8-pole IPM machine prototype illustrated in
Fig. 6 is built for the verification of saliency-based position
estimation. Fig. 13 illustrates the photograph of saliency-
based test bench. The test machine is coupled to a load
machine for the load operation. The inverter switching fre-
quency is set at 10kHz synchronous to the sample frequency.
All position estimation algorithms are implemented in a
32-bit microcontroller, TI-TMS320F28069.

A. INDUCTANCE MEASUREMENT
The test machine inductance is firstly tested. For the induc-
tance measurement, the rotor is locked by the load machine.
An AC voltage is applied across machine two phases through
the inverter where the third phase is open. Based on this mea-
surement, the self-inductance Lββ can be obtained by (18).

Vab = jωc (Laa − Lab + Lbb − Lab) Iab = jωc2Lββ Iab (18)

whereVab and Iab are respectively the line voltage and current
across A- and B-phase.
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FIGURE 13. Test bench of PM machine saliency-based position
estimation.

FIGURE 14. Measured self-inductance and corresponding spectrum with
respect to the position (locked rotor and no load).

Fig. 14 illustrates the measured Lββ and the spectrum of
inductance harmonics. Instead of fundamental 2θe harmonic,
secondary harmonics appear at6θe, 12θe . . . etc. Among these
secondary harmonics 6θe, harmonic is highest where the
magnitude is around 106% with respect to 2θe harmonic.
This result is consistent with the proposed general inductance
matrix Ldq_G in (10). The 6th-order periodic harmonic on the
saliency-based position estimation is expected.

B. INFEASIBLE POSITION ESTIMATION REGION
This part evaluates the saliency-based position estimation
limitation at different loads. In this experiment, the test
machine speed is maintained at 30 rpm through the external
dyno. The saliency-based position estimation based on [22]
is implemented on the test machine for MTPA control.
Fig. 12(b) illustrates the corresponding FOCdrive through the
saliency-based position estimation. For the following exper-
iments, no position error compensation is applied to clearly
evaluate the position estimation performance. The injection
voltage is 20% DC bus at 1kH frequency. The rotor position
is estimated at different current conditions from 0A to 105A.
Fig. 15 shows the experiment of feasible saliency-based esti-
mation region. In this experiment, the infeasible region is
defined when the position estimation has the opposite trend
comparing to the actual position. In this case, no torque
can be generated where the FOC is not possible. It is
observed that the experimental feasible estimation region is

FIGURE 15. Experiment of feasible estimation region for the test IPM
machine using the saliency-based sensorless drive (30 rpm).

FIGURE 16. Saliency-based position estimation at two different operating
points: (a) A and (b) B in Fig. 15.

similar to the predicted feasible region in Fig. 9(d). As a
result, the saliency-based estimation performance can be pre-
dicted in advance based on the proposed saliency current
model in (14) through the FEA of 6th-order secondary cur-
rent harmonic magnitude.Fig. 16 further demonstrates the
saliency-based position estimation at two representative cur-
rent conditions in Fig. 16. Fig. 16(a) shows time-domain
waveforms of estimated position, measured position and
A-phase current for A point in Fig. 15. It is within the feasible
region where the stable estimation is expected. In this point,
id /iq is respectively at 23.9A/86.3A. It is concluded that
the saliency-based estimation maintains stable though visible
6th-order harmonic occurs. This 6th-order harmonic error is
the same with the analytical prediction in Fig. 5. By contrast,
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FIGURE 17. Experiment of torque [Nm] contour where the rotor position
is obtained from (a) actual sensor and (b) saliency-based estimation
(30 rpm rotor speed).

Fig. 16(b) shows same waveforms at B point in Fig. 15. The
corresponding id /iq is −86.3A/23.9A within the infeasible
estimation region.

Because the magnitude of secondary current harmonics is
higher than the fundamental 2θe harmonic, the saliency-based
position estimation is not possible. In this case, the sensorless
drive ultimately fails.

C. INFLUENCE OF INDUCTANCE HARMONICS ON
TORQUE OUTPUT
The influence of non-sinusoidal inductance on the torque
production is tested at this part. In this experiment, the
test machine is torque controlled with current regulation
where the torque is measured through a torque sensor.
Fig. 17 compares the measured torque contour where the
position feedback is obtained by (a) encoder sensor and
(b) saliency-based position estimation. Similar to the torque
simulation in Fig. 11, the torque contour under the saliency-
based drive is illustrated in the estimated dq frame to clearly
investigate position errors caused by the saliency-based esti-
mation. It is expected that the peak torque is appeared under
+iestd /i

est
q in estimated frame considering the position offset

θoffset in (9).
For the encoder-based drive in Fig. 17(a), the maximum

torque at rated current is observed where the −id/iq is
−35.9A/98.7A. Based on the actual position measurement,
it is consistent with the original MTPA control principle
where negative id is applied to generate the reluctance
torque.

However in Fig. 17(b), the estimated position is imple-
mented for the current regulation as seen in Fig. 12(b). Under

this effect, d- and q-axis current derived from estimated
position consist of both position offset and periodic posi-
tion harmonics. If these position errors are unknown, vis-
ible reduction on the torque output is resultant under the
same MTPA current trajectory in Fig. 17(a). In the estimated
current frame, the maximum torque appears at +iestd /i

est
q =

27.2A/101.4A. Under this effect, the comparable torque with
19.5 Nm can be maintained once the saturation reflected
position offset is compensated with the inductance satura-
tion knowledge from FEA. Nevertheless, q-axis current iestq
without negative d-axis current−iestd is suggested to maintain
MTPA control stability if the machine saturation condition is
unknown.

V. CONCLUSION
The analysis of saliency-based position estimation for PM
machine with non-sinusoidal inductance is proposed. The
analytical model which considers inductance self-saturation,
cross-saturation and secondary inductance harmonics on the
position estimation is developed. The feasible region of
saliency-based drive can then be predicted at different con-
ditions. A modified MTPA current trajectory considering
all estimation errors is proposed to maintain the saliency-
based drive for IPM machines with saturated non-sinusoidal
inductances.
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