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Abstract

Control of interior permanent magnet synchronous motors (IPMSMs) has been extensively attempted without any position
ensor. At extremely low speeds, sensorless operation would not rely on the fundamental model-based sensorless methods since
he situation becomes more sophisticated. The existing high-frequency (HF) injection techniques predominantly concentrate on
urrent or voltage excitations. Whereas, compromises are made between the signal strength and inevitably generated current
uctuations and torque ripples. Noise and disturbances could also deteriorate the performance. To accomplish the low speed
ensorless operation successfully, this paper presents a position error observer and a current injection scheme for the extremely
ow speed sensorless operation. A discrete-time super twisting extended-state observer (STESO) extracts the estimated position
nd speed considering the disturbances. The design of the HF observer is carried out. The lowest speed is extended down to
% rated value in the experimental tests.
2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

IPMSM is more applicable for traction applications with electric drive systems, which require flux-weakening
peration and high torque density. Various studies and mature commercialization on the IPMSMs have been
erformed, due to their advantages on high power density and efficiency, low torque ripple, high dynamic
erformance and minimal maintenance requirements.

Research studies focusing on sensorless control (SC) methods are gaining appealing due to the concerns. Such
echniques are also referred to as self-sensing or encoderless, which only utilizes the electrical measurements to
stimate the rotor position and rotor speed without using any position sensor. In the sensorless operation, the SC
ithout the position sensor plays a vital role in the condition that the position sensor gets faulty or fails, to ensure
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the safety and high performance operation of the motor. At present, the effect of electromagnetic saturation and the
slot harmonic components due to the rotor position increase the position estimation error, leading to mechanical
vibration, even with no load. Those bring great challenges to SC. Generally, SC techniques are categorized into
two major divisions [1–9]: (1). Rotor saliency based methods using high-frequency signal injection [1–3,5]. (2).
Fundamental excitation techniques [4,6,7,9].

If the operating speed is extremely low, the SC operation cannot rely on the model-based estimation methods
alone. Since the EMF is very small at low rotor speed and the ratio of the signal to noise is low, the model-based
methods will lose performance. For the previously proposed sensorless control method associated with STESO, the
minimum reachable speed was 89 rpm without compensation or signal injection. Hence, in this paper, the low speed
operation will be dealt with specifically.

As mentioned previously, the HF injection methods feature with specialty at low speed, which can be adopted
to complete the low speed range operation. In conventional HF model, the voltage drops on stator resistance and
the speed related terms are usually neglected when the injection frequency is high enough. However, such model
may not be precise and higher injection frequency will result in higher motor loss. In the conventional methods [3],
the HF sinusoidal voltage with a constant amplitude is usually directly injected to the reference voltage which may
degrade the performance under various operating conditions or interfere with the existing control loop, when the
injection frequency is limited and gets closer to the fundamental frequency. Besides, the extraction of the rotor
position is calculated based on the negative-sequence current components which may be sensitive and vulnerable
to disturbance.

In this paper, a high-frequency extended EMF model without neglecting the resistance and speed terms is adopted.
A superimposition of a HF rotating current with a moderate frequency is injected in the IPMSM to generate and
retrieve the rotor position information with saliency. The amplitude of the HF current is controlled to a small constant
by a HF current controller to ensure the stability of the existing IPMSM drive system. The solution of separating the
two current control systems prevents the superimposed HF components interfering from the existing current control
loop. Adopting the HF model, a HF adaptive observer is proposed to estimate the excited extended EMF. The HF
observer can be conveniently converted and redesigned from the fundamental frequency front end observer because
it provides satisfactory estimation performance. Since the estimated EMF contains the combination of HF switching
and fundamental components, the fundamental components need to be extracted by the heterodyne method and fed
to the back-end observer. Hence, by using the unified sensorless structure with the proposed STESO, the extremely
low speed operation can be achieved.

2. Modeling of IPMSM in the estimated rotating frame

In the sensorless operations, the actual rotor angle θre is not directly measured by any position sensor. The
rientation of the synchronous d–q coordinate is unknown. Instead, the flux and torque components of the controlled

current vector are decoupled in the γ –δ axis estimated by sensorless schemes.
In the d–q rotating frame, the voltage equation of IPMSMs is governed by

vdq = Zi dq + e (1)

here vdq =
[
vd vq

]T is the d–q axis stator voltage vector. i dq =
[
id iq

]T is the d–q stator current vector.
e =

[
0 KEωr

]T . KE is back EMF constant. The impedance Z is

Z =

[
R + pLd −ωr Lq

ωr Ld R + pLq

]
(2)

here R stands for the stator resistance, Ld and Lq are the inductances. p is the differential operator d/dt.
The estimation error θ̃ of the rotor position is the shift between the γ –δ coordinate and the d–q reference frame.

˜ = θre − θ̂re where θ̂re is the estimated rotor position. Multiplying the rotation matrix eJ θ̃ enables Eq. (1) to go
rom d–q axis into the γ –δ reference frame.

v = Z i + e (3)
γ δ γ δ γ δ γ δ
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where the γ –δ axis vectors vγ δ , iγ δ, eγ δ and Zγ δ are defined as follows. vγ δ =
[
vγ vδ

]T ; iγ δ =
[
iγ iδ

]T ;
eγ δ =

[
−KEωr sin(θ̃ ) KEωr cos(θ̃ )

]T and

Zγ δ =

[
R + ω̂r Lγ δ + pLγ −ω̂r Lδ − pLγ δ

ω̂r Lγ − pLγ δ R − ω̂r Lγ δ + pLδ

]
(4)

here Lγ = 1/2[
(
Ld + Lq

)
−

(
Lq − Ld

)
cos

(
2θ̃

)
]; Lδ = 1/2[

(
Ld + Lq

)
+

(
Lq − Ld

)
cos

(
2θ̃

)
]; Lγ δ =

/2
(
Lq − Ld

)
sin(2θ̃ ).

. Estimation error of the rotor position

In this Section, the position estimation error θ̃ is observed by an extended Luenberger observer (ELO). The
bserver takes on the role of detecting the phase angle of the rotor position by forming an error correction term. If

˜ is sufficiently small, in (3), Lγ
∼= Ld , Lδ

∼= Lq and Lγ δ
∼= 0. Zγ δ becomes

Zγ δ0 =

[
R + pLd −ω̂r Lq

ω̂r Ld R + pLq

]
(5)

A current model of IPMSMs is established by re-writing (3) as

d iγ δ/dt = Z0 iγ δ + L0eγ δ + v0 (6)

here Z0 =

[
−R/Ld ω̂r Lq/Ld

−R/Lq −ω̂r Ld/Lq

]
, L0 =

[
−1/Ld 0

0 −1/Lq

]
and v0 =

[
vγ /Ld vδ/Lq

]T . An extended state

s defined to treat the derivative of eγ δ as disturbance. ėγ δ = w (t). Assuming that w (t) is bounded, The current
odel (6) is re-arranged as:{

d iγ δ/dt = Z0 iγ δ + L0eγ δ + v0

deγ δ/dt = w (t)
(7)

An ELO is constructed based on (7) to track θ̃ that is hidden in eγ δ term.{
d ι̂γ δ/dt = Z0 iγ δ + L0 êγ δ + v0 − Lo1(ι̂γ δ − iγ δ)

d êγ δ/dt = −Lo2(ι̂γ δ − iγ δ)
(8)

here ι̂γ δ =
[
ι̂γ ι̂δ

]T . The quantities with the hat on top indicate the current estimates. êγ δ =
[
−ĝ1 ĝ2

]T . ĝ1

racks KEωr sin
(
θ̃
)

and ĝ2 is the estimate of KEωr cos(θ̃ ). After the observer gains Lo1 and Lo2 are configured

roperly, ĝ1 and ĝ2 will converge to their actual values. As soon as êγ δ gets closer to eγ δ , θ̃ is obtained by calculating
9)

sin
(
θ̃
)

= ĝ1/

√
ĝ2

1 + ĝ2
2 (9)

The convergence of (8) is guaranteed by verifying the error dynamics and proving the stability [9]. Fig. 1 shows
he overview of ELO’s structure.

Fig. 1. Construction of ELO for position error estimation.
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4. High-frequency current injection and estimation of extended EMF, rotor position and speed

4.1. High-frequency current injection

At extremely low speeds, the HF current components are superimposed in the rotating frame or stationary frame.

ih =

[
ihγ

ihδ

]
=

[
ihα

ihβ

]
(10)

A HF current controller needs to be adopted to maintain the super-imposed HF current components at an
appropriate level in the system. The diagram of the sensorless control system with HF injection in shown in Fig. 3.
The control reference value of the rotating injection current is annotated as i∗

hγ and i∗

hδ , which is defined as[
i∗

hγ

i∗

hδ

]
=

⏐⏐i∗

h

⏐⏐ [cos ωh t

sin ωh t

]
(11)

where ωh is the rotating speed of the HF injection current and
⏐⏐i∗

h

⏐⏐ is the amplitude of the injection current. The
F excited extended EMFs expressed in (12) are estimated by using a sliding adaptive observer [8] incorporating
F components.

êh =

[
êhα

êhβ

]
(12)

Substituting (10) into the definition of the extended EMF [8], the estimated HF extended EMF can be written
s [

êhα

êhβ

]
=

{(
Ld − Lq

)
[(ωre − ωh) |ih | cos ωh t] + ωre KE

} [
− sin θre

cos θre

]
(13)

Since (13) contains the multiplication of HF components and fundamental components, heterodyne method is
needed to extract the fundamental signals. By multiplying the HF component cos ωh t , Eq. (13) can be converted
into the following expression.[

êhα

êhβ

]
cos ωh t =

{(
Ld − Lq

) [
(ωre − ωh) |ih |

(cos 2ωh t + 1)

2

]
+ ωre KE cos ωh t

} [
− sin θre

cos θre

]
(14)

Since the frequency of HF injection components is much higher than the fundamental one at low speed, a
bandpass filter can be used to extract the fundamental extended EMF. The extracted extended EMF at the front-end
is represented as[

êα

êβ

]
=

{(
Ld − Lq

) [
(ωre − ωh) |ih |

2

]} [
− sin θre

cos θre

]
(15)

4.2. Discrete-time super-twisting extended state observer

After the estimated extend EMFs are obtained in (15), the error of the rotor position θ̃ can be either formulated
y the heterodyne method or observed by the ELO introduced in Section 3. Finally, the rotor position and speed
an then be estimated by a super-twisting extended state observer (STESO) in (16).⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

˙̂
θre = ω̂re + α1

⏐⏐⏐θre − θ̂re

⏐⏐⏐ 2
3

sgn
(
θre − θ̂re

)
˙̂ωre = ai∗

δ + bi∗

γ i∗

δ + α2

⏐⏐⏐ ˙̂θre − ω̂re

⏐⏐⏐ 1
2

sgn
(

˙̂
θre − ω̂re

)
+ ẑ

˙̂z = α3sgn
(

˙̂
θre − ω̂re

) (16)

where a=1.5Pnλ f /J; b=1.5Pn(Ld − Lq )/J ; Pn is the number of pole pairs and λ f is the permanent-magnet flux
linkage. J is the equivalent moment of inertia. ẑ represents the lump-sum of disturbances as the extended state. α1,

α2 and α3 are positive gains. Unlike the nonlinear extended state observer, the speed estimation errors are adopted
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for the 2nd and 3rd order equations of STESO for robust estimation. The equivalent block diagram of the proposed
3rd STESO is presented in Fig. 2.

Fig. 2. Equivalent block diagram of the purposed 3rd order STESO.

In (16), the calculations of the 2nd and 3rd error terms are cumbersome. Hence, the following functions are
introduced with the new coefficients k1, k2 and k1 to simplify (16).⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

f1

(
θre − θ̂re

)
= k1

⏐⏐⏐θre − θ̂re

⏐⏐⏐ 2
3

sgn
(
θre − θ̂re

)
f2

(
θre − θ̂re

)
= k2

⏐⏐⏐θre − θ̂re

⏐⏐⏐ 1
3

sgn
(
θre − θ̂re

)
f3

(
θre − θ̂re

)
= k3sgn

(
θre − θ̂re

) (17)

Considering that one-step Euler method is easy to implement and computationally economical, discrete-time
mplementation of (17) is expressed as⎧⎪⎪⎪⎨⎪⎪⎪⎩

θ̂re(k + 1) = θ̂re(k) + Ts fθ
(
θre (k) − θ̂re (k)

)
+ Tsω̂re(k)

ω̂re (k + 1) = ω̂re (k) + Ts fω
(
θre (k) − θ̂re (k)

)
+ Ts(ai∗

δ + bi∗

γ i∗

δ ) + Ts ẑ(k)

ẑ (k + 1) = ẑ (k) + Ts fz

(
θre (k) − θ̂re (k)

) (18)

The system trajectories with Ts and upper bound of L are transferred onto the discrete-time domain. The discrete-
time observer preserves the asymptotic properties of the original continuous-time one. Fig. 3 illustrates the overall
structure.

Fig. 3. Sensorless control diagram with HF injection.

5. Experimental results

A low-speed testing has been performed to verify the effectiveness of the HF extended EMF observer and the
extraction ability of the STESO for position and speed estimation. The injection frequency was set to 800 Hz. A
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test rig and an IPMSM were adopted for the experimental test. The testing was conducted on an ac motor hardware
platform manufactured by dSPACE. The control platform, the inverter, and the Magtrol test bench are illustrated
in Fig. 4. The switching frequency of the inverter was set to 10 kHz. The dead time was 2 µs. The speed and
position feedback were closed with the estimated speed and position from the observers respectively. The real
speed measured by the encoder and position estimation error were presented in the experiments. The parameters of
the testing IPMSM are listed in table I [6].

Fig. 4. Experiment test-rig setup.

.1. Dynamic performance

The dynamic performance for extracting rotor position and speed is demonstrated with the HF extended EMF
bserver and the STESO. The amplitude of the injection current was 0.2 A. The machine speeded up from 5 rpm to
00 rpm under 5 N m load torque. The rotor speed and position performance are presented in Fig. 5. It is observed
hat the speed increased smoothly to 100 rpm with slight oscillations. The estimation error is significantly reduced
fter the acceleration period and contained under 0.2 rad.

Fig. 5. The speed accelerated from 5 rpm to 100 rpm under light load with HF injection.

The estimated HF extended EMF and extracted fundamental extended EMF are shown in Fig. 6. The comparison
of them are demonstrated to verify the effectiveness of the front end HF observer. The extracted fundamental
components contain less oscillation and the frequency of that vary with increasing of the rotor speed.

5.2. Steady-state response

The IPMSM was operated at 30 rpm at full load condition. The injection current was set to 0.1 A. The responses
was recorded in Fig. 7. It is found that the rotor speed generates ripples around 2 rpm. The estimation error
was restricted below 0.3 rad. The estimated HF extended EMF and the extracted fundamental extended EMF are

presented in Fig. 8.
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Fig. 6. Estimated HF extended EMF êhαβ and extracted fundamental extended EMF êαβ during the acceleration of the speed from 5 rpm
to 100 rpm.

Fig. 7. Steady-state operation at 30 rpm under full load.

Fig. 8. Estimated HF extended EMF êhαβ and extracted fundamental extended EMF êαβ at 30 rpm under full load.

.3. Speed reversal test

The speed reverses between ±20 rpm under light load condition. The speed performance and current response
re presented in Fig. 9. The speed by STESO exhibits small oscillations around 3rpm and the transit duration is
mooth. The iq current response varies from +2.5 A to −2.5 A due to the speed reversal. Only small oscillations
xist in the current response.

. Conclusion

In this paper, a HF extended EMF has been proposed to achieve high performance in low speed sensorless
peration. A HF observer estimates the extended EMF excited by the injection current. The design of the front-end
bserver has been presented and the stability has been analyzed. A close loop superimposed HF injection system
s adopted to maintain the stable existence of the HF components and in the meanwhile avoid interrupt the original
ontrol loop. The proposed STESO retrieves the position and speed. The low speed experimental test has verified
656
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Fig. 9. Speed reversal between +20 rpm and −20 rpm produced by STESO.

the effectiveness of such method. Further, the research work on such method at low speed needs to be extended
and improved. In-depth investigation on the selection for the amplitude and frequency of the injection current under
different load conditions is to be performed. Improvement on the dynamic performance, machine startup and speed
reversal can be conducted to enrich the content.
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