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Abstract—Rotor position is the key information to achieve su-
perior performance for sensorless control of interior permanent
magnet synchronous motor (IPMSM). Nevertheless, the back elec-
tromotive force (EMF) model-based position estimation suffers
from severe contamination from the fifth and seventh harmonics
resulting from inverter nonlinearity and flux spatial harmonics.
Therefore, an adaptive training control-based adaptive filter com-
bined with a sliding-mode observer (SMO) is presented for har-
monics rejection in the estimated back-EMF, thus improving the
rotor position estimation performance. This method, based on the
steepest descent algorithm, is capable of self-adjusting harmonic
coefficients to obtain the fundamental component online under
various frequency conditions adaptively. Additionally, the pro-
posed method has a simpler structure and less calculation burden
since its reference signal is self-generated without external injection
compared to the conventional method. The effectiveness is verified
by experiments at a 1.5-kW IPMSM drive platform.

Index Terms—Adaptive training control, interior permanent
magnet synchronous motor (IPMSM), position estimation,
sensorless, sliding mode observer (SMO).

I. INTRODUCTION

INTERIOR permanent magnet synchronous motors
(IPMSMs) are attractive for various applications in the

industry owing to their outstanding performance of high torque
density and efficiency [1], [2], [3], [4], [5], [6], [7], [8]. Accurate
rotor position information is valuable in the IPMSM control
system, whereas a mechanical position sensor may result in
many problems, such as increased cost, reduced stability, and
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so on. Therefore, researches have been reported about the
position and speed estimation techniques to achieve sensorless
control [9], [10], [11], [12], [13], [14], [15], [16], [17], [18],
[19], [20]. However, with the increasing requirements on control
performance, estimation accuracy in steady state and dynamic
situations have to be guaranteed.

The position estimation methods in sensorless PMSM drives
are normally divided into two main categories dependent on
motor running speed, that is, high-frequency injection meth-
ods [9], [10], [11], [12], [13], [14] and back electromotive
force (EMF)-based methods [15], [16], [17], [18], [19], [20].
For high-frequency injection methods, which are suitable for
low-speed domain and until the amplitude of back-EMF be-
comes obvious to be detected, the back-EMF-based methods
are adopted for medium and high-speed domains. In which,
the back-EMF model-based position estimation methods mainly
consist of sliding mode observer (SMO), disturbance observer,
state observer, extended Kalman filters, and model reference
adaptive systems, etc. Compared to other methods, the SMO
is becoming proverbially popular in sensorless IPMSM control
systems due to its competitive strengths of robustness against
perturbations variation, low sensitivity to parameter variations,
and good dynamic performance [17], [18], [19], [20].

Nevertheless, the back-EMF estimates are easily contami-
nated due to the impacts of the inverter nonlinearity and the flux
spatial harmonics, resulting in periodically oscillating position
estimation error. The solutions to the above-mentioned problem
are mainly categorized into voltage error compensation method
and harmonic rejection method. As for voltage error compen-
sation method, some research works have been concentrated on
moderating inverter nonlinearity effects [21], [22], [23], [24],
[25]. A trapezoidal voltage is created for compensating voltage
error caused by inverter nonlinearity to improve motor control
performance in [21] and [22]. In [23], an effective parameter-
irrelevant compensation approach is used to lower the adverse
influence of the current distortion. In [24], a disturbance observer
is utilized to estimate the voltage difference to achieve feed-
forward compensation to neutralize the inverter nonlinearity.
However, almost inverter nonlinearity compensation methods
ignore the influences of flux spatial harmonics, which will also
cause the distortion of the estimated position or even sensorless
IPMSM drives failure. In [25], a method considering the flux
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spatial harmonics is proposed to solve nonideal air-gap magnetic
field effect by analyzing the back-EMF offline, which will
complicate the implementation process and is hard to realize.
Summarizing the aforementioned references, voltage error com-
pensation methods can’t remove harmonics contained in the
rotor position and speed estimation completely. Therefore, in
this article, the attention is paid to harmonic rejection method,
which can directly extract fundamental back-EMF to ensure
position estimation accuracy.

The harmonic rejection method [19], [26], [27], [28], [29],
[30] is recognized as an effective method to acquire the smooth
rotor information by eliminating harmonic influence, which
commonly places the adaptive filters between the back-EMF
estimator and quadrature PLL. Unlike low-pass filters (LPFs),
these adaptive filters can extract the desired component without
magnitude and phase loss, which will be more feasible in back-
EMF filtering. The adaptive filters have been widely investigated
in [26] and [27] and can be roughly grouped into resonant filter
and digital filter. The resonant filter, such as second-order gener-
alized integrator (SOGI) [26] and adaptive vectorial filter, [27]
is proposed to extract fundamental component from distorted
signal. However, these methods are unable to compensate the
harmonics completely and an additional frequency-locked loop
is needed to ensure its tracking performance. Digital filters,
based on delay operator or adaptive noise cancellation, have
been designed for harmonic elimination to achieve high control
performance. In [28] and [29], the digital filter based on delay
operator is proposed to eliminate harmonic influence, but these
methods may face sharp phase jump and lead to spurious tran-
sient, since it highly relies on the periodicity of the estimated
signal. Another digital filter based on adaptive noise cancella-
tion is capable to compute the desired signal by self-adjusting
harmonic coefficients according to the signal attribute and op-
erating environment. The digital filters based on least square
adaptive filter [30] and recursive least mean square adaptive
filter [19] are proposed for fundamental back-EMF extraction
and realize the low-order harmonics elimination accurately by
updating filter coefficients online. However, both of them require
a heavy calculation burden and are hard to implement. In view
of this shortcoming, the two-sample-based algorithm, avoiding
the external reference signal injection, is put forward to relieve
the calculation burden [31], but its bandwidth is fixed and not
feasible for frequency variation condition.

In this article, a newly adaptive training control-based filter,
inserted between the SMO and PLL, is proposed for precise
position estimation in sensorless control of IPMSM, eliminating
the harmonics by using the steepest-descent algorithm, which
has a simpler structure and less computation burden since its
reference signal is self-generated. Meanwhile, the proposed
method has enough degree of freedom, which is capable to tune
the bandwidth to satisfy the demands of different frequency sce-
narios. The rest of this article is organized as follows. Section II
analyzes the causes of sixth position harmonic ripple in detail. In
Section III, based on adaptive noise cancellation, the proposed
filter is designed and self-tuned by searching for minimal value
of designed objective function. The experimental verifications
are shown in Section IV. Finally, Section V concludes the article.

Fig. 1. Block diagram of sensorless control system based on back-EMF model.

Fig. 2. Position observer with adaptive training control-based filter.

II. SENSORLESS CONTROL SCHEME OF ROTOR POSITION

FOR IPMSM

A. Back-EMF Model-Based Sensorless Control

An overview of the proposed sensorless control system on the
basis of back-EMF model is presented in Fig. 1, where a position
observer embedding with adaptive training control-based filter
in Fig. 2 is utilized to extract fundamental components in the
back-EMF.

The IPMSM voltage equation in the αβ reference frame can
be given as[

uα

uβ

]
=

[
Rs + pLq 0

0 Rs + pLq

] [
iα
iβ

]
+

[
eα
eβ

]
(1)

where uα and uβ represent α-axis and β-axis stator voltages, iα
and iβ represent α-axis and β-axis stator currents. Lq denotes
the q-axis inductances; Rs is the stator resistance; ωe is the
electrical speed, p = d/dt is the differential operator. eα and eβ
are equivalent back-EMFs, which can be expressed as[

eα
eβ

]
= [λf + (Ld − Lq)id]ωe

[− sin θe
cos θe

]
(2)
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Fig. 3. Bode diagram of LPF with different ωc.

where λf is the rotor magnet flux, λa = λf + (Ld − Lq)id is
the active flux, θe is the rotor electrical position.

Then, a back-EMF model-based SMO for estimating the rotor
position can be described as

d

dt

[
îα
îβ

]
=

1

Lq

[
uα

uβ

]
− Rs

Lq

[
îα
îβ

]

− 1

Lq

⎡
⎣kSMOH

(
îα − iα

)
kSMOH

(
îβ − iβ

)
⎤
⎦ (3)

where “ˆ” denotes the estimated value. kSMO is the gain of SMO,
and H denotes the sigmoid function, which can be expressed as

[
H

(̃
iα
)

H
(̃
iβ
)
]
=

⎡
⎢⎢⎣

(
2

1+exp(−aĩα)

)
− 1(

2

1+exp(−aĩβ)

)
− 1

⎤
⎥⎥⎦ (4)

where a > 0 denotes the slope of function, ĩα,β = îα,β − iα,β
denote stator current estimation errors. The fundamental com-
ponents of estimated back-EMF êfα,β can be obtained through
LPFs, which can be described as[

êfα
êfβ

]
=

ωc

s+ ωc

[
êα
êβ

]
(5)

where ωc represents the cutoff frequency of the LPFs.
It can be found in (5) that the LPFs applied in SMO have the

characteristic of suppressing high-order harmonics to reduce the
chattering phenomenon. However, the phase lag is introduced
in the back-EMF estimates due to the property of the LPFs.
Fig. 3 demonstrates the harmonic rejection and phase lag. A
smaller ωc exhibits better harmonic suppression performance
but introduces a larger phase delay.

B. Effects of Harmonics on Quadrature PLL

The estimated back-EMF is contaminated with ±(6k ± 1)
harmonics since the stator currents are distorted by the inverter
nonlinearity and flux spatial harmonics. Therefore, the back-
EMF estimations are described as[

êα
êβ

]
=

[
êfα + êhα
êfβ + êhβ

]
(6)

Fig. 4. Working principle of adaptive noise-cancellation.

where êfα,β are the back-EMF fundamental components esti-
mates, and êhα,β are the harmonics and can be given by[

êhα
êhβ

]
=

[−e6k−1 sin(−(6k − 1)ωet+ ϕ6k−1)
e6k−1 cos(−(6k − 1)ωet+ ϕ6k−1)

]

+

[−e6k+1 sin((6k + 1)ωet+ ϕ6k+1)
e6k+1 cos((6k + 1)ωet+ ϕ6k+1)

]
(7)

where ê6k−1, ê6k+1, ϕ6k−1, and ϕ6k+1 denote the amplitudes
and the initial phase of the (6k − 1)th and (6k + 1)th harmonic,
respectively.

When the equivalent back-EMFs are observed, the position
error θ̃e obtained by PLL can be written as

θ̃e =
1√

ê2α + ê2β

(
−êα cos θ̂e − êβ sin θ̂e

)

≈ θe − θ̂e ± 1√
ê2α + ê2β

e6k sin (6kω̂et+ ϕ6k) (8)

where e6k and ϕ6k represent the amplitude and the initial phase
angle of the 6kth equivalent back-EMF harmonics.

As can be seen in (8), both dc-bias and 6kth harmonics
contained in signal θ̃e, which display as an additional error
(especially the 6kth harmonic fluctuations), reducing the rotor
position estimation accuracy.

III. ADAPTIVE TRAINING CONTROL-BASED FILTER

An appropriate cutoff frequency for LPFs is troublesome
to completely eliminate the harmonics without influencing the
fundamental back-EMF. Therefore, according to the Wiener
theory [31], the adaptive noise-cancelling principle has been
proposed, which is a promising method to track the specific
harmonic by self-updating the filter coefficients.

A. Principle of Proposed Adaptive Filter

Fig. 4 shows the working principle of adaptive noise cancel-
lation. d(n) denotes the original input signal contaminated by
harmonics. The reference signal r(n) processed by frequency
observer is highly relevant to the desired signal. The output
signal y(n) can track the desired signal accurately through
iterative calculation according to the adaptive algorithm.
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Fig. 5. Block diagram of adaptive training control-based filter.

Considering the distortion of the back-EMF mainly contained
with the fifth and seventh harmonics, a three-layer filter based on
the adaptive noise-cancellation principle is proposed to extract
the fundamental components êfα,β . For convenient analysis,
Fig. 5 shows the specific structure of the adaptive filter in the
α-axis.

The estimated back-EMF êα is composed of the fundamental
components êfα, fifth and seventh components (ê5α and ê7α),
corresponding to d(n) in Fig. 4. The estimated speed ω̂e is
provided by the quadrature PLL multiplying with respective
order to provide resonant frequency for frequency observer to
generate the reference signal xiα(n), where subscript i = 15,7 is
the respective order of the adaptive filter at the fundamental and
harmonic frequencies. As shown in Fig. 5, the desired signal
êfα is acquired through the error signal εα(n) by subtracting
ê5α and ê7α from êα. The coefficients wiα(n) can be updated
by the steepest descent algorithm to achieve convergence once
each estimate wiαxiα(n) tracks the actual value of fundamental
component and harmonics.

B. Design of Frequency Observer

It is noted that unlike the conventional adaptive filter, the
reference signal of the proposed filter is not needed for external
injection, it only requires to extract the corresponding frequency
components in the error signal through the module Giα. As
illustrated in Fig. 5, the transfer function from input signal êα
to error signal εα can be deduced as

εα (z)

êα (z)
=

1

1 +
∑

i=1,5,7 Hi (z)
(9)

where the frequency observerHi(z) is comprised of moduleGiα

and the coefficient adjustment via a steepest descent algorithm.
Therefore,Giα should be designed to guarantee its characteristic
of high gain without phase deviation, so the output signal of
every layer has the same phase as the desired signal at the
corresponding frequency. Inspired by the resonant controller,

the transfer function of Giα can be given as

Giα (z) = Z

(
kω0s

s2 + ω2
0

)∣∣∣∣
s= 2

Ts
z−1
z+1

(10)

where k is the resonance gain, Ts is the sampling period, and ω0

denotes the resonant angular frequency. From previous research
[32], the amplitude-frequency response of the module Giα is
infinite atω0. Take the fundamental frequency component for ex-
ample, its output signal xα1(n) is the sample sinusoid sequence
processed by the frequency observer, which can be expressed as

xα (n) = C cos (nω̂eTs + φ) (11)

where C represents the amplitude of the sinusoid sequence at
the specified ω̂e, the phase φ is the same as the desired output
signal.

C. Adjustment of Coefficients

From the block diagram in Fig. 5, the instantaneous error of
the filter is

εα(n) = êα(n)−
∑

i={1,5,7}
wiα(n)xiα(n). (12)

J(n) can be equal to the half of the squared-error criterion
function, which is a widely used objective function. The vector
format of J(n) can be shown as

J(n) =
1

2
εα(n)

2 =
1

2
(êα(n)−Wα(n)Xα(n))

2 (13)

where the vector Xa(n) and coefficient vector Wa(n) at sample
point n can be presented as

Xα(n) = [x1α(n)x5α(n)x7α(n)]

Wα(n) = [w1α(n)w5α(n)w7α(n)]. (14)

From (13), Wa(n) can be updated to minimize the objective
function J(n) according to the steepest descent algorithm along
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Fig. 6. Basic principle of the steepest descent method in adaptive filter.

Fig. 7. Frequency response of F(z) with differentμ, where ω̂e = 2π · 20 rad/s.

the negative gradient. The opposite gradient of J(n) is related
to Wa(n), represented by −∇J(n), which can be written as

−∇J (n) =
(
êα (n)−Wα (n)XT

α (n)
)
Xα (n)

= εα (n)Xα (n) . (15)

It is clear that the coefficients vector adjustment rule can be
given as [29]

Wα(n+ 1) = Wα(n) + μεα(n)Xα(n) (16)

where μ is the learning rate. The basic principle of the steepest
descent algorithm in the proposed filter, as shown in Fig. 6,
graphically presents the objective function J(n) related to the
coefficient vector Wa(n). It can be seen that as the coefficient
vector moves toward the opposite direction of the ∇J(n), the
objective function J(n) approaches the optimal point after mul-
tiple iterations, which reflects the estimated signal converges to
the actual one.

Hence, the open loop transfer function from εα(z) to êfα(z)
can be described as

H1 (z) =
êfα (z)

εα (z)
=

2μC2(z cosω0Ts − 1)

z2 − 2z cosω0Ts + 1
. (17)

In the case of the proposed filter with three-layer, the transfer
function of the proposed method can be expressed as

F (z) =
H1(z)

1 +
∑

i=1,5,7 Hi(z)
. (18)

Fig. 7 shows the frequency response of F (z) with different
learning rate μ. It is clear that the bandwidth of the proposed
filter is highly dependent on the μ. The different values of μ

Fig. 8. Experimental platform for 1.5 kW sensorless IPMSM drive.

Fig. 9. Software flow chart of IPMSM based on adaptive training control-
based filter.

could affect the convergence rate and the harmonics suppression
accuracy. A smaller μ represents a high harmonic-filtering ca-
pability, which may cause a larger convergence time. Therefore,
an appropriate value of μ should be chosen carefully to obtain a
tradeoff between the convergence rate and the steady-state error
in estimating the fundamental components êfα.

IV. EXPERIMENTAL RESULTS

The proposed sensorless control method based on the adap-
tive training control-based filter has been verified on the ex-
perimental platform, as shown in Fig. 8. The rated IPMSM
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Fig. 10. Back-EMF estimations and corresponding FFT analysis at 600 r/min
under 50% rated load. (a) Adaptive training control-based filter disabled.
(b) Adaptive training control-based filter enabled.

TABLE I
EXPERIMENT IPMSM PARAMETERS

parameters are listed in Table I. The load torque is provided
by a magnetic powder brake connected with the test IPMSM.
An incremental encoder (PENON-K3808G) is used for rotor
position information acquisition, which is for comparison only.
The experiment was implemented by a DSP TMS320F2808 and
the control frequency was 10 kHz. The software flow chart of
IPMSM based on the adaptive training control-based filter is
illustrated in Fig. 9.

The back-EMF estimation waveforms and their FFT analysis
before and after applying the adaptive training control-based
filter in the steady state are presented in Fig. 10. From Fig. 10(a),

Fig. 11. Estimated rotor position at 600 r/min under 50% rated load. (a) Adap-
tive training control-based filter disabled. (b) Adaptive training control-based
filter enabled. (c) SOGI enabled.

the −5th, 7th, −11th, and 13th harmonic components can be
seen obviously without the proposed method, where the −5th
and 7th harmonics take up relatively large shares. However,
Fig. 10(b) shows that principal harmonics are significantly at-
tenuated and the waveform of the estimated back-EMF becomes
more sinusoidal after applying the proposed method, where the
THD decreases by 8.07%.

For the purpose of investigating the control performance in
the steady state, the experimental comparison of the position
estimation under the 50% rated load is illustrated in Fig. 11.
As can be observed in Fig. 11(a), the rotor position estimation
is polluted with an obvious 6th harmonic ripple due to back-
EMF estimates distortion, and the maximum value of the rotor
position error reaches up to 11.2°. On the contrary, it is clear in
Fig. 11(b) that the estimated position is almost the same as the
real one and the position error decreases to 3.6° after applying
the proposed method. As a consequence, the position estimation
performance of the proposed method is verified. Furthermore,
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Fig. 12. Experimental results of rotor position estimation at 75 r/min under
50% rated load.

Fig. 13. Estimated speed and position errors under 50% rated load from 600
to 1000 r/min. (a) Adaptive training control-based filter disabled. (b) Adaptive
training control-based filter enabled.

Fig. 11(c) reveals that the adaptive training control-based filter
has lower rotor position error compared to the SOGI.

On the other hand, as shown in Fig. 12, when IPMSM rotates
at 75 r/min under 50% rated load, the signal-to-noise ratio of the
back-EMF estimations is reduced as the motor velocity deceler-
ates, the rotor position error reaches 22.5° before the proposed
method enabled. However, the sixth position harmonic ripple is
suppressed after the proposed method is enabled, which means
the adaptive training control-based filter could work actively in
the low-speed domain.

The control behavior of the proposed method in the speed
transient state is validated. The rotor position error, depicted in
Fig. 13(a), contains distinct fluctuations without the proposed
method. Instead, the rotor position error is visibly decreased

Fig. 14. Estimated speed and position errors under 50% rated load for fast
acceleration and deceleration. (a) Adaptive training control-based filter disabled.
(b) SOGI enabled. (c) Adaptive training control-based filter enabled.

as the proposed method is applied. In Fig. 13(b), the maximal
position and speed errors are 3.4°/57 r/min. The experimental
result shows excellent distortion rejection and accurate position
estimation performance of the proposed method.

Additionally, Fig. 14 compares the experimental results in
a more rapid speed acceleration and deceleration, from 500 to
1500 r/min in 0.5 s (ramp slope is 2000 r/min/s). Fig. 14 reveals
that the position and speed estimation in both methods devi-
ates more dramatically compared to the low-speed ramp slope.
Meanwhile, the maximum position/speed error in the proposed
method is 20.1°/101.9 r/min, which means the proposed method
could track the rotor position and speed under high-speed ramp
slope, even though the estimation error is higher than SOGI.

The experimental results of position and speed error with and
without the proposed method under multispeed operation with
rated load are shown in Fig. 15. The speed changes from 300 to
1500 r/min, increasing 300 r/min in order. From Fig. 15(a), when
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Fig. 15. Estimated speed and position errors with rated load under multispeed
operation. (a) Adaptive training control-based filter disabled. (b) Adaptive
training control-based filter enabled.

the proposed method is disabled, the position error gets larger as
the motor velocity increases, which cannot meet the estimation
requirement. For comparison, after using the proposed method,
the position and speed error are restricted within a tolerable
range. Therefore, the proposed adaptive training control-based
filter has a better estimation performance at different speeds.

Furthermore, for validating the control performance of the
proposed method in a load transient state, with load changing
from 50% to 100% of the rated torque at 750 r/min, as shown in
Fig. 16. In Fig. 16(a), the position error without the proposed fil-
ter is notable under different situations. In contrast, the proposed
method could remove these undesired components and perform
better during the entire operation. It is revealed that the transient
position errors are within 4°, which is considerably lower than
the case without measures. Obviously, the speed deviation under
the step-load is also lower, which implies the proposed method
is robust under the speed control condition in sensorless IPMSM
drives under distorted conditions.

Additionally, the experiments under rated speed with different
loads are conducted, as presented in Fig. 17. The load command
changes from 0% to 100% rated load, increasing 20% rated load
in order. It is observed in Fig. 17(a) that the position/speed error
without using the proposed method is 12.4° / 54 r/min. However,
after using the proposed method in Fig. 17(b), the position/speed
error is decreased to 7.5° / 15.2 r/min. These results verify that the
proposed adaptive training control-based filter has an excellent
control performance at different loads condition.

Fig. 16. Estimated speed and position errors at 750 r/min from 50% to 100%
rated load. (a) Adaptive training control-based filter disabled. (b) Adaptive
training control-based filter enabled.

Fig. 17. Estimated speed and position errors at 1500 r/min with multiload
operation. (a) Adaptive training control-based filter disabled. (b) Adaptive
training control-based filter enabled.
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V. CONCLUSION

To increase the accuracy of position estimation, an adaptive
training control-based filter combined with an SMO is pre-
sented in this article to realize precise position estimation. This
method, based on the steepest descent algorithm, is capable of
self-adjusting harmonic coefficients to filter out the harmonics
of estimated back-EMF. Moreover, the proposed adaptive fil-
ter requires less calculation burden, since its reference signal
is self-generated without external injection. The experiments
demonstrated a 1.5-kW IPMSM sensorless drive to verify the
feasibility of the proposed sensorless method. The experimental
results show that the proposed method can diminish the fifth
and seventh harmonics contained in the back-EMF estimates
remarkably. The dynamic performance of the proposed method
in the speed transient state and load transient state are also
improved by intensive experimental comparison. Consequently,
the proposed adaptive training control-based filter is an effective
method to enhance the sensorless IPMSM control performance.
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