
Citation: Yang, W.; Guo, H.; Sun, X.;

Wang, Y.; Riaz, S.; Zaman, H.

Wide-Speed-Range Sensorless

Control of IPMSM. Electronics 2022,

11, 3747. https://doi.org/10.3390/

electronics11223747

Academic Editors: S. M. Muyeen,

Jahangir Hossain, Mohamed

Benbouzid, Antonio J. Marques

Cardoso and Marco Mussetta

Received: 8 October 2022

Accepted: 12 November 2022

Published: 15 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

electronics

Article

Wide-Speed-Range Sensorless Control of IPMSM
Weibin Yang 1 , Hao Guo 2, Xinxin Sun 3, Yuanlin Wang 4,* , Saleem Riaz 4 and Haider Zaman 5

1 The Institute for Electrical Drives and Actuators, Universitaet der Bundeswehr Muenchen,
D-85577 Neubiberg, Germany

2 Xiamen Tobacco Industrial Co., Ltd., Xiamen 361022, China
3 Xi’an Modern Control Technology Research Institute, Xi’an 710129, China
4 The School of Automation, Nothwestern Polytechnical University, Xi’an 710129, China
5 Electronics Engineering Department, University of Engineering and Technology Peshawar,

Peshawar 25000, Pakistan
* Correspondence: yuanlin.wang@nwpu.edu.cn

Abstract: A wide-speed-range sensorless control for an IPMSM is deeply studied in this paper, which
combines the high-frequency injection (HFI) method and sliding-mode observer (SMO) method.
At low-speed range, a rotating high-frequency voltage signal is injected into the IPMSM; the rotor
position can be estimated by the HFI method based on the saliency of the IPMSM. At high-speed
range, an SMO method based on the extended back electromotive force (EMF) of the IPMSM is utilized
to estimate the rotor position. Furthermore, to blend the positions estimated by these two methods,
a speed-dependent weight function is designed. The steady-state and dynamic performance of the
wide-speed sensorless control are investigated by experiments. In high-speed range, the position
estimation errors of the SMO method at different operation points are smaller than 6 el.deg.; in
low-speed range, the position estimation errors of the HFI method at different operation points are
smaller than 15 el.deg.; and during the transition process, the IPMSM can switch smoothly between
the HFI-based and SMO-based sensorless control methods.

Keywords: wide-speed-range sensorless control; interior permanent magnet synchronous motor
(IPMSM); high-frequency injection (HFI) method; sliding-mode observer (SMO) method; speed-
dependent weight function

1. Introduction

Sensorless control methods can be classified into two categories: the fundamental-
model-based methods for high-speed range and the saliency-based methods for low-speed
range. The fundamental-model-based methods are available in the medium- and high-
speed ranges, while the saliency-based methods are able to track the position at standstill
and low-speed ranges [1–4].

For the fundamental-model-based methods, the rotor position is normally detected
by estimating the back electromotive force (EMF). Since the amplitude of the back EMF
is proportional to rotor speed, the fundamental-model-based methods would fail in the
low-speed range due to the low signal-to-noise ratio (SNR). To estimate the rotor position in
the low-speed range, the saliency-based methods are developed, which are also known as
high-frequency injection (HFI) methods. In these methods, a high-frequency voltage signal
is injected into an IPMSM. Due to the saliency effect of the IPMSM, the corresponding high-
frequency current response is modulated by the rotor position. Therefore, the rotor position
can be extracted from the high-frequency current response. However, with the increase in
rotor speed, the frequency of the back EMF comes close to the frequency of the injected
high-frequency signal. Then, the rotor position contained in the high-frequency current
response is seriously interfered by the EMF in high-speed range. Consequently, for wide-
speed-range sensorless control, it is common to combine the saliency-based method and
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the fundamental-model-based method and utilize the two methods in low-speed and
high-speed ranges, respectively.

Referring to the fundamental-model-based methods, they can be implemented either
in the αβ frame or dq frame. In the dq frame, the model reference adaptive system (MRAS)
can be utilized to estimate the rotor position [5,6]. For the fundamental-model-based
methods implemented in the αβ frame, the conventional voltage model of the IPMSM
cannot be utilized directly, since the information of rotor position is contained not only in
the back EMF but also in the inductance matrix. To solve this problem, some new voltage
models of the IPMSM in αβ frame are proposed. An extended EMF model is proposed
in [7]. Additionally, the active flux model is proposed in [8,9].

The fundamental-model-based methods in the αβ frame mainly include the flux ob-
server method [10], the extended Kalman filter (EKF) method [11,12], the sliding-mode
observer (SMO) method [13–15], etc. Due to the advantages of fast response and strong
robustness to disturbance and parameters variation, the SMO method has been widely
used in practical applications. The SMO method is essentially a kind of nonlinear control
method, which utilizes a nonlinear SMO control function, such as sign function, to force
the estimated current value to converge to the actual value. Then, the rotor position can
be extracted from the output signal of the SMO control function. However, the chattering
problem caused by the SMO control function would deteriorate the performance of posi-
tion estimation. This could be mitigated by choosing the proper parameters of the SMO
control function.

Referring to the saliency-based methods for low-speed ranges, according to the in-
jected signal, the saliency-based methods can be classified into rotating-voltage injection
method [16–18], pulsating-voltage injection method [19–21], square-wave voltage injec-
tion method [22–24], and fundamental pulse width modulation (PWM) excitation-based
method [25–32]. In this paper, the most commonly used rotating-voltage injection method
is adopted. For the rotating-voltage injection method, a high-frequency rotating voltage
vector is injected into the motor in the αβ frame. In the corresponding high-frequency
current response, the phase angle of the negative-sequence component contains the infor-
mation of rotor position. However, the injected high-frequency signal inevitably generates
torque ripples and acoustic noises.

In order to combine the fundamental-model-based method with the saliency-based
method to realize sensorless control in wide-speed range, a suitable transition algorithm
between the low-speed and high-speed sensorless control is required. In this paper, a speed-
dependent weighting function [14,30,33] is adopted to blend these two estimated position
signals. This algorithm is simple, effective, and widely utilized for the transition process of
sensorless control.

In this paper, to realize the wide-speed-range sensorless control, the rotating voltage HFI
method is utilized for rotor position estimation in low-speed range, and the SMO method
is chosen for rotor position estimation in high-speed range. In addition, in order to seam-
lessly switch between the low-speed sensorless and high-speed sensorless methods, a speed-
dependent weight function is adopted to blend the rotor positions estimated by these two
methods. The steady-state and dynamic performance of the HFI method and the SMO
method are all fully investigated by experiment. Then, after combining these two methods,
the wide-speed sensorless control method is validated by the dynamic experiments.

2. Sliding-Mode Observer Method for High-Speed-Range Sensorless Control

In this section, a sliding-mode observer (SMO) is adopted to estimate the rotor posi-
tion at high-speed range. To utilize the SMO for an IPMSM, an extended EMF model is
established in the αβ frame, as shown in (1).

[
uα

uβ

]
=

[
Rs ωr(Ld − Lq)

−ωr(Ld − Lq) Rs

][
iα
iβ

]
+

[
Ld 0
0 Ld

]
d
dt

[
iα
iβ

]
+
[
ωrψ f +

(
Ld − Lq

)(
ωrid − i̇q

)][ − sin θr

cos θr

]
(1)
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The last term in (1) is defined as extended electromotive force (extended EMF, EEMF),
e , which is expressed as:

e =

[
eα

eβ

]
=
[
ωrψ f +

(
Ld − Lq

)(
ωrid − i̇q

)][ − sin θr
cos θr

]
= Eex

[
− sin θr
cos θr

]
(2)

where, Eex is the magnitude of e. According to (1), the current state equation for the IPMSM
can be rewritten as:

d
dt

[
iα

iβ

]
=

1
Ld

[
−Rs −ωr(Ld − Lq)

ωr(Ld − Lq) −Rs

][
iα

iβ

]
+

1
Ld

[
uα

uβ

]
− e

Ld
(3)

Based on (3), the mathematical model of SMO can be constructed as (4).

d
dt

[
îα

îβ

]
=

1
Ld

[
−Rs −ωr(Ld − Lq)

ωr(Ld − Lq) −Rs

][
îα
îβ

]
+

1
Ld

[
uα

uβ

]
− ê + z

Ld
(4)

where, [îα, îβ]
T is the estimated current on the α- and β-axes; ê =

[
êα, êβ

]T is the estimated
value of extended EMF on the α- and β-axes. Additionally, z is the output of the SMO
control function on the α- and β-axes, which can be expressed as:

z =

[
zα

zβ

]
= k

[
sat(îα − iα)
sat(îβ − iβ)

]
(5)

where k is the SMO gain, which is calculated by Lyapunov stability analysis; sat(x) is a
saturation function.

Additionally, the saturation function sat(x), which can be expressed as (6), is adopted
in (5) as the SMO control function to suppress the chattering problem of SMO.

sat(x) =


1 x ≥ δ

x/δ |x| < δ
−1 x ≤ −δ

(6)

where δ is the width of the boundary layer, which should be chosen properly. With the
increase in δ, the chattering problem is mitigated, however, the estimation accuracy and
robustness of SMO declines. In practical application, the value of δ should be adjusted
according to actual demand.

The sliding-mode surface, s = 0, is defined as:

s =

[
ĩα
ĩβ

]
=

[
îα − iα

îβ − iβ

]
= 0 (7)

By subtracting (3) from (4), the dynamic motion equation of SMO is expressed as:

ṡ =
1
Ld

[
−Rs −ωr(Ld − Lq)

ωr(Ld − Lq) −Rs

]
· s− ê + z− e

Ld
(8)

When the system converges to sliding-mode state, it maintains that:

ṡ = s = 0 (9)

Then, by substituting (9) into (8), it can be obtained that:

ê + z = e (10)

In (10), the phase angle of the extended EMF e just contains the information of rotor
position θr, and the frequency of e is rotor speed ωr. In addition, the ê is obtained by
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filtering the SMO control output z with a low-pass filter (LPF). The LPF should be properly
designed so that the phase lag between ê and z at frequency ωr can be neglected. In this
case, the phase angles of ê and z at frequency ωr are both equal to the phase angle of e.
Then, the ê can be utilized to estimate rotor position. The diagram of the rotor position
estimation based on the SMO method is shown in Figure 1.
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Figure 1. Rotor position estimation based on sliding-mode observer method.

When using the normal LPF to filter the z, the phase lag of ê should be well-compensated.
However, with the variation of rotor speed ωr, the calculation of phase lag is difficult. There-
fore, an adaptive LPF is adopted, as shown in Figure 1.

A first-order LPF is utilized inside the adaptive LPF, whose cut-off frequency is set as
the estimated rotor speed ω̂r. In steady state, when ω̂r = ωr, the phase lag caused by the
LPF is always a constant value π/4 at any rotor speed. After compensating the phase lag
π/4, the ê can be utilized to estimate rotor position.

Normally, the rotor position can be estimated by using the arc-tangent function (11)
directly.

θ̂r = −tan−1(êα/êβ) (11)

However, due to the chattering problem of SMO, the rotor position calculated directly
by the arc-tangent function will be seriously disturbed. In addition, since (11) contains
division, it will produce huge estimation error when the êβ crosses zero. Therefore, a phase-
locked loop (PLL) algorithm is utilized to estimate the rotor position, as shown in Figure 2.
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Figure 2. Position tracking based on phase-locked loop (PLL).

In Figure 2, after the normalization, the equivalent position error signal εn can be
expressed as:

εn =
1√

ê2
α + ê2

β

[−êα cos θ̂r − êβ sin θ̂r]

=
1

Eex
[Eex sin θr cos θ̂r − Eex cos θr sin θ̂r]

= sin(θr − θ̂r) ≈ θr − θ̂r

(12)
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Then, the closed-loop transfer function of PLL GPLL(s) can be expressed as:

GPLL(s) =
θ̂r

θr
=

Kps + Ki

s2 + Kps + Ki
(13)

The GPLL(s) is a second-order transfer function. By using the pole placement method,
the parameters Kp and Ki can be easily designed.

To guarantee the convergence of SMO, the SMO gain k should be chosen according to
the Lyapunov stability analysis. Choosing a positive definite Lyapunov function as:

V =
1
2

sTs =
1
2
(ĩ2α + ĩ2β) (14)

According to the Lyapunov stability theorem, V̇ should be negative definite, namely
V̇ < 0. The derivative of (14) can be expressed as:

V̇ = sT ṡ

= ĩα · ˙̃iα + ĩβ · ˙̃iβ

= ĩα

{
−Rs

Ld
ĩα −

Ld − Lq

Ld
ω̂e ĩβ −

1
Ld

ẽα −
1
Ld

ksat(ĩα)

}
+ ĩβ

{
−Rs

Ld
ĩβ +

Ld − Lq

Ld
ω̂e ĩα −

1
Ld

ẽβ −
1
Ld

ksat(ĩβ)

}
= −Rs

Ld

(
ĩ2α + ĩ2β

)
− 1

Ld

{
ĩα
(
ẽα + ksat(ĩα)

)}
− 1

Ld

{
ĩβ

(
ẽβ + ksat(ĩβ)

)}
= V1 −V2

(15)

where,

V1 = −Rs

Ld

(
ĩ2α + ĩ2β

)
(16)

V2 =
1
Ld

{
ĩα

(
ẽα + ksat(ĩα)

)}
+

1
Ld

{
ĩβ

(
ẽβ + ksat(ĩβ)

)}
=

1
Ld

{
ĩα

(
s + 2ωc

s + ωc
ksat(ĩα)− eα

)
+ ĩβ

(
s + 2ωc

s + ωc
ksat(ĩβ)− eβ

)} (17)

As shown in (16), V1 is a constant negative. Since the cutoff frequency of the low-pass
filter ωc is relatively large, then s+2ωc

s+ωc
≈ 2. If k is large enough, in which:

k >
1
2

max
(
|eα|,

∣∣eβ

∣∣) (18)

then the SMO method can be converged. When V is attenuated to 0, ĩα, and ẽα are equal to
0, then the estimated currents are converged to the actual value.

3. Rotating Voltage High-Frequency Injection Method for Low-Speed-Range
Sensorless Control

To analyze the principle of the rotating voltage HFI-based sensorless method, the math-
ematical model of an IPMSM under high-frequency excitation is established in the following.
The flux model of the IPMSM in the dq frame is rewritten as:[

ψd
ψq

]
=

[
Ld 0
0 Lq

][
id
iq

]
+

[
ψ f
0

]
(19)

By using coordinate transformation with (19), the flux model in the αβ frame can be
expressed as:

ψαβ = Lαβ · iαβ + ψ f ejθr (20)
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where

Lαβ =

[
∑ L− ∆L cos(2θr) −∆L sin(2θr)
−∆L sin(2θr) ∑ L + ∆L cos(2θr)

]

∑ L =
Lq + Ld

2
∆L =

Lq − Ld

2

ψαβ =
[
ψα, ψβ

]T iαβ =
[
iα, iβ

]T

Then, according to (20), the voltage equation in the αβ frame can be expressed as:

uαβ = Rs · iαβ +
d
dt

ψαβ

= Rs · iαβ +
d
dt
(Lαβ · iαβ) + jωrψ f ejθr

(21)

For the rotating voltage HFI sensorless method, a rotating voltage signal is injected
into the αβ frame, which can be expressed as:

uαβ_h = Uh · ejωht = Uh

[
cos(ωht)
sin(ωht)

]
(22)

where, Uh and ωh are the amplitude and angular frequency of the injected high-frequency
voltage signal, respectively.

When the high-frequency voltage uαβ_h is injected, two simplifications can be made in
the IPMSM voltage Equation (21). First, since the reactance part is dominating the machine
impedance under high-frequency voltage source, the term of the voltage drop on resistance
Rs · iαβ in (21) can be neglected. Second, since the HFI method is utilized in low-speed
range, where the rotor speed ωr can be considered much lower than the frequency of
high-frequency voltage ωh, then the third term jωrψ f ejθr in (21) can be neglected.

Then, after substituting (22) into (21) and simplifying the two terms described above,
the voltage Equation (21) can be written as:

uαβ_h =
d
dt
(Lαβ · iαβ_h) (23)

By solving (23), the high-frequency current response can be obtained as (24).

iαβ_h = L−1
αβ · (

1
jωh

uαβ)

= Ip · ej(ωht−π/2) + In · ej(−ωht+2θr+π/2)
(24)

where
Ip =

Uh
ωh
· ∑ L

∑ L2 − ∆L2 In =
Uh
ωh
· ∆L

∑ L2 − ∆L2

Ip and In are the amplitude of the positive- and negative-sequence currents, respectively.
∆L and ∑ L are the difference and average inductances. In equation (24), the first term,
which is called the positive-sequence current component, is a current vector rotating at the
frequency ωh. The second term, which is called the negative-sequence current component,
is a current vector rotating at the frequency −ωh + 2ωr. Among them, the information of
rotor position is contained in the second term.

Therefore, the rotor position can be estimated through extracting and analyzing the
negative-sequence current from the measured current. The schemetic diagram of rotor
position identification is shown in Figure 3.
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Figure 3. High-frequency voltage injection and rotor position estimation.

By using a subtraction-based current filter on the total current response iαβ, the negative-
sequence carrier current iαβ_hn and fundamental current iαβ_ f are separated. Then, the
Luenberger-style motion observer is utilized to analyze the iαβ_hn to identify the rotor po-
sition, and the iαβ_ f is utilized to feed back to the current regulator. Figures 4 and 5 show the
diagrams of subtraction-based current filter and Luenberger-style motion observer, respectively.

 !
i

 !_f  !_hni + i  !_fi

 !_hn
i

xj t
e

 ! xj t
e
 

 !i

x 

!
 !i

h ˆ2h r  ! "

( )a

( )b

Figure 4. (a) Bandstop synchronous reference frame filter (SRFF). (b) Subtraction-based current filter
to separate the fundamental and negative sequence currents from the overall measured current.

The rotating-voltage-based HFI method showed excellent performance when using the
synchronous reference frame filter (SRFF) to isolate the iαβ_hn and iαβ_ f [1,34]. Figure 4a
shows the diagram of the bandstop SRFF. In Figure 4a, the input signal iαβ is first transformed
into a reference frame rotating with the desired frequency ωx. Then, the signal component
which has the frequency of ωx at the original stationary frame is now transformed to a DC
signal at this rotating frame. In this case, this signal component can be eliminate by a simple
high-pass filter (HPF). After that, the remaining signal components are transformed to the
original stationary frame. In this bandstop SRFF, only a simple first-order filter can guarantee
nearly zero magnitude gain at the desired bandstop frequency ωx. Additionally, at other
frequencies, the distortions of both magnitude and phase are minimized. The transfer function
of this bandstop SRFF is given in (25).

i′αβ

iαβ
=

s− j ·ωx

s + ωb − j ·ωx
(25)
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where ωx is the frequency of the current component which needs to be eliminated, and ωb
is the bandwidth of the HPF inside the bandstop SRFF, then the bandwidth of bandstop
SRFF is (ωx −ωb, ωx + ωb).

The structure of the subtraction-based current filter is shown in Figure 4b [35], which
is set up based on the bandstop SRFF to extract the fundamental iαβ_ f and the negative
sequence iαβ_hn from the measured iαβ. First, a bandstop SRFF with the bandstop frequency
of ωh is utilized to eliminate the positive sequence current iαβ_hp from the total current
iαβ. Then, a second bandstop SRFF with the bandstop frequency of −ωh + 2ω̂r is used
to remove the signal iαβ_hn from the remaining signal. With these two bandstop SRFFs,
the output signal is mainly iαβ_ f . Additionally, iαβ_hn can be extracted by subtracting this
iαβ_ f from the output of the first bandstop SRFF.

Then, a Luenberger-style motion observer [36] is utilized to estimate the electrical
rotor position by analyzing the iαβ_hn, and its diagram is shown in Figure 5.
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Figure 5. Luenberger-style motion observer with heterodyning for error generation.

In Figure 5, the position estimation error εn is calculated by a heterodyning process,
which can be considered as the result of the vector cross-product, as shown in (26).

εn =
1√

i2α_hn + i2β_hn

· ej(−ωht+2θ̂r+
π
2 ) × iαβ_hn

=
1

Ihn
· ej(−ωht+2θ̂r+

π
2 ) × Ihnej(−ωht+2θr+

π
2 )

= sin(2(θr − θ̂r)) ≈ 2∆θ̂r

(26)

According to (26), the sin(2(θr − θ̂r)) can be considered equal to 2∆θ̂r when the differ-
ence between θr and θ̂r is small enough. However, because of the existence of coefficient 2,
the calculation results of εn are the same when the estimated position is either θ̂r or θ̂r + π.
Therefore, the rotor magnetic poles N and S cannot be distinguished when using the HFI
method described above. Hence, before motor start-up, an extra rotor polarity detection
program should be implemented.

4. Transition between the High-Speed and Low-Speed Sensorless Control

As described above, the SMO-based method only provides reliable estimated rotor
position in medium- and high-speed ranges, but it fails in low-speed range. On the other
hand, the HFI-based method can provide accurate estimated rotor position at standstill
and low-speed range, but it fails in high-speed range. Therefore, in order to combine
these two methods and achieve sensorless control in the whole speed range, a suitable
transition algorithm between these two methods should be implemented. The diagram of
the transition algorithm adopted in this paper is shown in Figure 6.
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Figure 6. Transition algorithm of the SMO-based position estimation and HFI-based position estimation.

In Figure 6, a speed-dependent weighted function is utilized to blend the two rotor
positions θ̂r,SMO and θ̂r,HFI , which are estimated by the SMO method and HFI method,
respectively. Then, the blended position estimation θ̂r,blnd is filtered by a Luenberger-style
motion observer. The output of Luenberger-style motion observer θ̂r is just the desired
estimated rotor position. Additionally, the estimated speed ω̂r is regarded as the indicator
of the weighted function.

Then, the speed-dependent weighted function can be expressed as:

θ̂r,blnd = gw θ̂r,SMO + (1− gw)θ̂r,HFI (27)

gw =


1, |ω̂r| ≥ ωupper

|ω̂r |−ωlower
ωupper−ωlower

ωlower < |ω̂r| < ωupper

0 |ω̂r| ≤ ωlower

(28)

where gw is the weight coefficient; ωlower and ωupper are the lower and upper speed thresh-
olds of the transition region, respectively, which can be chosen as about 10% and 20% of
the rated speed.

5. Experimental Results
5.1. Test Bench Introduction

The test bench utilized in the experiments of this paper is shown in Figure 7.

DC sourceTorque Monitor

Power

Meter
Inverter

dSpace

Test Motor
Torque & 

Speed Meter
Load Motor

Differential 

Probe

Figure 7. Test bench studied in this paper.
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The test motor studied in this paper is a concentrated windings IPMSM, the parameters
of which are shown in Table 1. As for the control system, the dSpace MicroLabBox is
employed as controller. The inverter is based on MOSFET IPB180N10S4-02. In this section,
the switching frequency is set as 10 kHz, and the dead time is 1 us. To verify the accuracy of
rotor position estimation, an absolute encoder (ROC410) with 10-bit resolution is mounted
on the rotor. The load motor is a DC motor, which is controlled by SIEMENS DC Converter.

Table 1. Parameters of the IPMSM.

Rated torque (N·m ) 2
Rated current (Arms)/voltage (Vrms) 40/13
Number of pole pairs 5
dq-axis inductance (mH) 0.065/0.09
Resistance (mΩ) 36
PM flux linkage (Vs) 0.007
Rated speed (rpm) 2000
Moment of inertia (g·m2) 1.87

5.2. Position Estimation Based on SMO Method for High-Speed Range
5.2.1. Steady-State Experiments of Sensorless Control Based on SMO Method

In order to evaluate the steady-state performance of the position estimation based on
the SMO method, the experiments are conducted at the operating points (400 rpm, 5 A) and
(400 rpm, 25 A). The corresponding experimental results are shown in Figure 8a,b, respectively.
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Figure 8. Steady-state performance of the SMO method. (a) The operating point of (400 rpm, 5 A).
(b) The operating point of (400 rpm, 25 A).

In Figure 8a,b, the estimated angles in both two operating points show high accuracy.
Their position estimation errors are both less than 5 el.deg. However, with the increase in
load current, the ripples of the position estimation error in Figure 8b become much larger
than the ripples of the position estimation error in Figure 8a.
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To further investigate the steady-state performance of this SMO-based position esti-
mation method, the same experiments are conducted at different speeds and load currents,
and the results of the position estimation errors are summarized in Figure 9.
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Figure 9. Steady-state position estimation error of the SMO method at different operating points.
(a) The mean value of position estimation error. (b) The peak–peak value of position estimation error.

Figure 9a shows the mean value of the position estimation error, and Figure 9b shows
the peak–peak value of the position estimation error. From Figure 9a, the mean errors of
the SMO-based position estimation are all less than 6 el.deg. when the speed is between
200 rpm to 1600 rpm and the current is between 5 A to 25 A. With the increase in speed and
load current, the mean error of position estimation only increases a little. From Figure 9b, it
is shown that the peak–peak error of the position estimation increases with the decrease in
speed and the increase in load current. However, when the speed is higher than 600 rpm,
the impact of load current on the peak–peak error of the position estimation becomes
much smaller.

5.2.2. Dynamic Experiments of Sensorless Control Based on SMO Method

In order to evaluate the dynamic performance of the SMO-based position estimation,
the current step test and speed acceleration test are implemented, and their experimental
results are shown in Figure 10 and Figure 11, respectively.

Referring to the current step test, the tested IPMSM works under current control, and
the load motor operates under speed control. At 1.0 s, a step current command i∗q from 5 A
to 15 A is set to the tested IPMSM, while the rotor speed is maintained at 400 rpm by the
load motor. From Figure 10a, the current feedback tracks the current step command very
well. During the dynamic process, the position estimation error is smaller than 5 el.deg.

In the speed acceleration test, the tested IPMSM operates under speed control, and the
load motor runs under current control. At 1.8 s, a ramp speed command ω∗r from 200 rpm
to 800 rpm is set to the tested IPMSM, while the load motor provides a constant load torque
of 0.1 N.m. In Figure 11d, during the acceleration process, the position estimation error is
smaller than 25 el.deg.
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Figure 10. Dynamic performance of the SMO method under a step current i∗q from 5 A to 15 A
and constant speed 400 rpm. (a) q-axis current. (b) Rotor speed. (c) Rotor position. (d) Position
estimation error.
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Figure 11. Dynamic performance of the SMO method under speed acceleration ω∗r from 200 rpm
to 800 rpm and constant load torque 0.1 N.m. (a) q-axis current. (b) Rotor speed. (c) Rotor position.
(d) Position estimation error.

5.3. Position Estimation Based on HFI Method for Low-Speed Range
5.3.1. Steady-State Experiments of Sensorless Control Based on HFI Method

In order to evaluate the steady-state performance of the position estimation based on the
HFI method, the experiments are carried out at the steady operating points (100 rpm, 5 A) and
(100 rpm, 25 A). The corresponding experimental results are shown in Figure 12a,b, respectively.
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(a) (b)

Figure 12. Steady-state performance of the HFI method. (a) The operating point of (100 rpm, 5 A).
(b) The operating point of (100 rpm, 25 A).

In Figure 12a, the estimated rotor position shows high accuracy with the current of
5 A. Its position estimation error is less than 5 el.deg. However, in Figure 12b, when the
current load is increased to 25 A, the position estimation error becomes about 15 el.deg.

To further investigate the steady-state performance of this HFI-based position estima-
tion method, the same experiments are performed at different speeds and load currents,
and the results of position estimation errors are summarized in Figure 13.
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Figure 13. Steady-state position estimation error of the HFI method at different operating points.
(a) The mean value of position estimation error. (b) The peak–peak value of position estimation error.
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Figure 13a shows the mean value of position estimation error, and Figure 13b shows the
peak–peak value of position estimation error. From Figure 13a, when the load currents are the
same, the mean position errors nearly do not change with the variation of speed. However,
when the speeds are the same, the mean position errors increase from about the 1 el.deg. at
5 A to the 15 el.deg. at 25 A. In Figure 13b, it is shown that the peak–peak value of the position
estimation error decreases with the increase in speed. In addition, when the speed is smaller
than 100 rpm, the ripple of the position estimation error is more than 15 el.deg.

5.3.2. Dynamic Experiments of Sensorless Control Based on HFI Method

In order to evaluate the dynamic performance of the HFI-based position estimation
method, a current step test and a speed acceleration test are implemented, and their
experimental results are shown in Figure 14 and Figure 15, respectively.

Referring to the current step test, the tested IPMSM operates under current control,
and the load motor runs under speed control. At 1.0 s, a step current command i∗q from
5 A to 20 A is set to the tested IPMSM, while the rotor speed is maintained at 100 srpm
by the load motor. From Figure 14a, the current feedback tracks the step command very
well. From Figure 14d, during the dynamic process, the position estimation error is about
20 el.deg. Then, with the current increased to 20 A, the position estimation error becomes
about 20 el.deg.

As for the speed acceleration test, the tested IPMSM operates under speed control,
and the load motor works under current control. At 1.8 s, a ramp speed command ω∗r from
50 rpm to 200 rpm is set to the tested IPMSM, while the load motor provides a constant load
torque of 0.1 N.m. In Figure 15d, during the acceleration process, the position estimation
error is smaller than 20 el.deg.
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Figure 14. Dynamic performanceof the HFI method under a step current i∗q from 5 A to 20 A and constant
speed 100 rpm. (a) q-axis current. (b) Rotor speed. (c) Rotor position. (d) Position estimation error.
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Figure 15. Dynamic performance of the HFI method under speed acceleration ω∗r from 50 rpm to
200 rpm and constant load torque 0.1 N.m. (a) q-axis current. (b) Rotor speed. (c) Rotor position.
(d) Position estimation error.

5.4. Transition between High-Speed and Low-Speed Sensorless Control

The blending algorithm of rotor position estimation between the low- and high-speed
range is configured to be executed in the speed range from 160 rpm to 260 rpm, which
is about 10% of the rated speed. To evaluate the performance of the proposed transition
algorithm, two dynamic experiments are implemented.

Firstly, a current step experiment is executed to test the dynamic performance of the
transition algorithm, and the experimental results are shown in Figure 16.

Secondly, an acceleration–deceleration experiment is executed to test the performance
of the transition algorithm switched between the SMO method and HFI method, and the
experimental results are shown in Figure 17.

Referring to the current step test, the tested IPMSM works under current control, and
the load motor runs under speed control. At 1.0 s, a step current command i∗q from 5 A to
15 A is set to the tested IPMSM, while the rotor speed is maintained at 200 srpm by the
load motor. From Figure 16a, the current feedback tracks the current step command very
well. Figure 16c shows the weight coefficient used for blending the two rotor positions
estimated by the SMO method and HFI method, respectively, which are proportional to
the estimated rotor speed shown in Figure 16b. In Figure 16e, after the current reaches
15 A, the error of the position estimation increases to about 7 el.deg. because the blending
position estimation also introduces a partial error from the HFI method, which has large
position estimation error in high current load.
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Figure 16. Dynamic performance of the transition algorithm under a step current i∗q from 5 A to 15 A
and constant speed 200 rpm. (a) q-axis current. (b) Rotor speed. (c) Weight coefficient of transition.
(d) Rotor position. (e) Position estimation error.

As for the acceleration–deceleration test, the tested IPMSM operates under speed
control, and the load motor runs under current control. During 1.1 s to 1.4 s, a speed
command ω∗r accelerating from 100 rpm to 400 rpm is set to the tested IPMSM, then during
3.4 s to 3.7 s, the ω∗r decelerating from 400 rpm to 100 rpm is applied to the tested IPMSM.

Due to the large inertia and friction, the actual speed lags behind the speed command,
as shown in Figure 17b. However, the speed estimated by the blending algorithm tracks
well with the measured speed. In Figure 17c, the weight coefficient, which is used for
blending the rotor positions estimated by SMO method and HFI method, also changes
promptly according to the estimated speed during the acceleration and deceleration ranges.
Additionally, during the acceleration and deceleration ranges, the peaks of the position
estimation error are generated as shown in Figure 17e. They are caused by the large peaks
of iq in Figure 17a. However, these peaks of the position estimation error are smaller than
10 el.deg., which are tolerable in sensorless control.

Summarizing from the experimental results in Figures 16 and 17, it can be proven that
with the proposed transition algorithm, the motor can switch smoothly between HFI-based
and SMO-based position sensorless control methods.
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Figure 17. Dynamic performance of the transition algorithm under speed ω∗r accelerating from
100 rpm to 400 rpm, then decelerating from 400 rpm to 100 rpm, and constant load torque 0.1 N.m.
(a) q-axis current. (b) Rotor speed. (c) Weight coefficient of transition. (d) Rotor position. (e) Position
estimation error.

6. Conclusions

In this paper, an SMO method for high-speed sensorless control and a rotating-voltage
HFI method for low-speed sensorless control are firstly described and analyzed in detail,
respectively. Then, in order to realize wide-speed-range sensorless control, a transition
algorithm based on a speed-dependent weight function is designed to blend the rotor
position estimated by these two methods. In this paper, plenty of experiments were
implemented to test the steady-state and dynamic performance of the SMO method, HFI
method, and the transition algorithm, respectively. The experimental results show that in
wide-speed range the designed sensorless control strategy for an IPMSM can track the real
rotor position accurately.
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