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Abstract—This article presents a novel speed-flux transforma-
tion model, derived from the traditional active flux model of
permanent magnet synchronous motor, which features a known
regression term of speed. This advancement achieves nonlinear
parameterization of motor speed, enabling the construction of a
speed adaptive observer. Then, a high order nonlinear adaptive
(HONA) observer is developed by adopting the proposed model,
which employs a nonlinear parameter updating law and high order
sliding mode correction terms for error estimators, thereby enhanc-
ing the system’s dynamic response. Due to the known regression
term nature of the proposed model, the adaptive observer ensures
stability at near-zero speeds, leading to superior performance in
low-speed and reversal scenarios. After rigorously proving the
observer’s stability, a detailed tuning guide for parameters is pro-
vided. The effectiveness of the HONA observer is validated through
both numerical and experimental works.

Index Terms—Nonlinear adaptive observer, nonlinear para-
metrization, permanent magnet synchronous motor (PMSM),
sensorless control.

I. INTRODUCTION

IN recent years, the topic of sensorless control has attracted
significant interest from researchers. Since it relief the need

for speed sensors in motor control, which can lead to increased
costs and reduced reliability [1], [2], [3], [4], [5]. Among
various driving objects, permanent magnet synchronous mo-
tors (PMSMs) have emerged prominently in sensorless drive
research due to their high efficiency and high power density
characteristics. In this context, both motor speed and position
information play crucial roles in closed-loop control. For sen-
sorless control techniques, they can generally be divided into
two categories: saliency based and model based methods [1],

Received 31 December 2024; revised 17 March 2025; accepted 12 April 2025.
Date of publication 16 April 2025; date of current version 26 May 2025. This
work was supported by the National Natural Science Foundation of China under
Grant 51977173. Recommended for publication by Associate Editor K.-B. Park.
(Corresponding author: Ling Liu.)

The authors are with the State Key Laboratory of Electrical Insula-
tion and Power Equipment, School of Electrical Engineering, Xi’an Jiao-
tong University, Xi’an 710000, China (e-mail: 3121304035@stu.xjtu.edu.cn;
liul@mail.xjtu.edu.cn; lql971022@stu.xjtu.edu.cn; jindongsong@stu.xjtu.edu.
cn; dlliang@mail.xjtu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2025.3561555.

Digital Object Identifier 10.1109/TPEL.2025.3561555

[2], [3]. As reported in [1], conventional model based sensorless
control strategies rely on extended electromotive force (EMF)
model [2], active flux model [3], and so forth. For the traditional
model based methods, the basic concept is to set the states to
be observed (e.g., EMF and active flux) as a disturbance, then
apply a disturbance observer to estimate it. Finally, calculate
the angle and corresponding speed based on the observed val-
ues [4]. However, this method incorporates uncertainties from
the dynamics within the observed estimated values. Therefore, as
mentioned in [5], a common approach to improve observational
accuracy is to extend the quantities to be observed to higher order
states. Constrained by inherent limitations of the models, these
method based strategies are typically suitable for high-speed
operation stages, making it challenging to achieve satisfactory
performance across a wide speed range [6], [7]. Therefore,
to enhance the stability of motor operation at low speeds, it
motivates us to design a globally stable adaptive observer.

However, it fails to design a globally stable speed adaptive
observer through traditional motor models (e.g., EMF model
and active flux model). As discussed in [8] and [9], the primary
reason is that the motor speed regression term is unknown. This
implies that the speed regression term includes unknown states,
such as EMF and active flux, which cannot be directly measured.
As the speed approaches zero, these states also tend to zero,
leading to an increase in estimation error [10]. This suggests
to achieve global stability for the speed adaptive observer, one
feasible approach is to construct a model with known regres-
sion terms for motor speed through nonlinear parameterization.
Therefore, this article adopts the traditional PMSM active flux
model and applies nonlinear parameterization to the motor speed
to achieve known regression term of speed. This implies that
the speed regression terms only include directly measurable
information, such as voltage and current, thereby providing
a foundational model for constructing a globally stable speed
adaptive observer.

In motor states observation, many attempts have been made in
applying adaptive observers because of its advantage of adaptive
correction that follows the motor states, such as the sliding mode
observer (SMO) with adaptive coefficients designed in [11].
However, due to inherent limitations of the traditional EMF
model, it still constraints at low speeds. In [12], the motor
speed is treated as a parameter, then a globally stable adaptive
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observer for induction motors was designed. But like most
adaptive observers to observe states and parameters simultane-
ously (e.g., [13] and [14]), their parameter updating law is set to
be linear and the convergence rates are asymptotic or exponen-
tial. Besides, liner observer is proved to be falls into the typical
form of high gain observers, which fails to achieve satisfactory
dynamic performance and resistance to high frequency noise
simultaneously [15].

Therefore, to enhance the dynamic response of the observer,
a potential approach is to construct the correction term as non-
linear to form a nonlinear observer for observing the electrical
states (e.g., EMF and active flux) of the motor [17], [18], [19].
Another approach involves using the observed electrical states
to construct a nonlinear extended state observer (ESO), which
enhances the dynamic response of the motor’s mechanical states
(e.g., rotor position and speed) [10], [20], [21]. Among nonlinear
observers, it is natural to construct SMO since its robustness and
easy to apply. SMO is a typical class nonlinear observer, which
introduces sign function into the correction term, but since the
inherent limitations of conventional models, it fails to achieve
global stable [10]. Therefore, conventional SMO struggles for
the low speed performance [22].

To address the aforementioned issues, this article conduct
a kind of speed-flux transformation to the traditional PMSM
active flux model and proposes a high-order nonlinear adaptive
(HONA) observer through this model. The observer incorporates
a nonlinear parameter updating law and designs the correction
term for the estimation error dynamics in the form of a high
order sliding mode. Mathematical proofs are provided to demon-
strate that the proposed HONA observer can achieve finite-time
input-to-state stability (FT-ISS) of the state estimation error with
respect to the parameter identification error.

The rest of this article is organized as follows. The problem
statement is arranged in Section II. The high order nonlinear
adaptive observer is designed in Section III. The stability analy-
sis and tuning guideline are also conducted in this section. Then,
some numerical results are shown in Section IV accompanied by
experimental results in Section V. Finally, Section VI concludes
this article.

II. PROBLEM STATEMENT

This section aims to discuss the issues existing in adaptive ob-
servers for speed estimation under traditional flux models. Due
to the presence of unknown regressor in the dynamic equations,
adaptive observers are unable to achieve global stability.

A. Modeling of Conventional Active Flux Model

According to [3], define αβ-axis active flux ψa =
[ψaα ψaβ ]

T of PMSM as ψa = ψs − Lqi. Then, the conven-
tional active flux model under αβ frame can be written as

pi =
1

Lq
u− Rs

Lq
i− ωJ

ψa
Lq

(1a)

pψa = ωJψa +w(t) (1b)

where ψs =
∫
(u−Rsi)dt denotes stator flux; p = d/dt de-

notes differential operator; u = [uα uβ ]
T and i = [iα iβ ]

T

denote stator voltage and current under αβ-axis, respectively,
u and i are also known as the input of the system; Rs is
the stator resistance; Lq is the stator inductance under q-axis;

J =
[
0 −1
1 0

]
; ω is the rotor electrical angular velocity; w(t) =

[wα(t) wβ(t)]
T is the q-axis transient disturbance.

Reformulate (1) into the form of classical uncertain nonlinear
systems as

px = Ax+ φ (y,uin) +G (t,y,uin)ϑ+Dw(t) (2)

where

x =

[
i
ψa

]
,A =

[−Rs/Lq −ωJ/Lq
0 ωJ

]
, ϑ = ω, (3a)

φ =

[ 1
Lq
u

0

]
,G =

[−Jψa/Lq
Jψa

]
,D =

[
0
I

]
. (3b)

Here, y and uin denote the input and output of the system,
respectively; ϑ denotes the system parameter; G represents the
regression term. It can be observed that G includes unmea-
surable component ψa, which is known as unknown regressor.
As discussed in [12], systems with unknown regressor cannot
establish globally stable adaptive observers.

B. Speed-Flux Transformation

To address the issue of unknown regressor, define{
ψμ = Lqi
�ψ = −ωJψs. (4)

Then, the PMSM active flux model (1) can be transformed as

pψμ = u−Rsi− ωJ (ψa + Lqi) + ωJLqi

= u−Rsi+�ψ + ωJLqi (5a)

p�ψ = −ωJ (u−Rsi) +w(t). (5b)

For system (5), the input is stator voltage and currentu, iwith
the output

y = Cx (6)

where C = [I 0].
Rewrite (5) into the form of (2), then

x =

[
ψμ
�ψ

]
,A =

[
0 I
0 0

]
, ϑ = ω,D =

[
0
I

]
(7a)

φ =

[
u−Rsi

0

]
,G =

[
JLqi

−J (u−Rsi)

]
. (7b)

It should be noted that in this case, the regression term G
contains only directly measurable stator voltage and current.
This implies that the issue of unknown regression terms in
traditional active flux model has been transformed into a nonlin-
ear parameterization problem with known regression term. As
discussed in [9], the mathematical model with known regression
term can release the issue of failed globally stable adaptive
observer designation.
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Fig. 1. Vector diagram of speed-flux transformation.

Fig. 2. Dynamic response comparison of different observers.

Besides, due to the relative degree between w(t) and ψμ
being greater than 1, this term is often neglected in the design
of most observers, prompting the development of an observer in
this article that takes this disturbance into account.

III. HIGH ORDER NONLINEAR ADAPTIVE OBSERVER

Fig. 2 presents a set of comparative simulation results, which
demonstrates the dynamic performance of SMOs, which are
typical nonlinear observers, compared to linear observer, mo-
tivating us to design high order nonlinear observer to achieve
better steady-state and dynamic performance. It can be observed
from Fig. 2 that although SMO enhances dynamic response
compared to liner observer, it inevitably introduces chattering
effects. Conversely, high order SMO can mitigate this issue.

Meanwhile, to address the issue of q-axis transient disturbance
w(t) relative degree not being 1, this section design a nonlinear
parameterized high-order adaptive observer for (5). The non-
linear observer ensures FT-ISS of the the state estimation error
with respect to the parameter identification error.

A. Adaptive Observer Design Procession

For system (5)–(7), let us design the nonlinear adaptive ob-
server as

pΩ = (A−LC)Ω +G (t,y,uin) (8a)

pϑ̂ = τΩTCT 〈y −Cx̂〉α (8b)

x̂ = γ + T−1η (8c)

pγ = Aγ + φ (y,uin)

+G (t,y,uin) ϑ̂+L (y −Cγ) +Ωpϑ̂ (8d)

pη = Bη + a (y −Cγ) + χ (η1,y −Cγ) (8e)

where Ω is an auxiliary martix; L ∈ R4 is the gain vector, the
selection of which should ensure that (A−LC) is Hurwitz;
τ is the gain matrix satisfy τ = τT > 0; notationˆdenotes an
estimator of the real states and parameter; the transformation
matrix T ∈ R4×4 satisfying

T−1 =
[
(A−LC) ξ ξ

]
where ξ is given by ξ = O−1h, O is the observability matrix of
the pair (A−LC,C), and h = [0 I]T ; γ ∈ R4 is the Luen-
berger state estimation; vector η ∈ R4 stands for an estimator
of the error between x and γ. The operator 〈·〉α is defined as
〈·〉α = | · |αsign(·).

Remark 1: Note that (8b) is the nonlinear parameterized
dynamic equation, whose characteristics are determined by α.
When α = 1, it is a linear high-gain observer; while α ∈ (0, 1),
it exhibits continuous nonlinear characteristic; if α = 0, a dis-
continuous observer is obtained.

Then the vector form representation ofΩ ∈ R4 is as follows:

pΩ = p

[
Ω1

Ω2

]

= (A−LC)

[
Ω1

Ω2

]
+

[
JLqi

−J (u−Rsi)

]
(9)

whereΩ = [Ω1 Ω2]
T andΩ1,Ω2 ∈ R2.

Expressing the parameter updating dynamics in vector form,
we have

pϑ̂ = pω̂ = τ
[
ΩT

1 Ω2
T
] [I

0

]
〈y −Cx̂〉α

= τΩ1
T 〈ψμ − ψ̂μ〉α. (10)

The Luenberger state estimation of system states x can be
expressed in the following manner:

pγ =

[
0 I
0 0

] [
γ1

γ2

]
+

[
u−Rsi

0

]

+

[
JLqi

−J (u−Rsi)

]
ω̂ +L

(
ψμ − γ1

)
+Ωpω̂ (11)

where γ = [γ1 γ2]
T and γ1,γ2 ∈ R2.

The observer outputted estimated states x̂ is

x̂ =

[
ψ̂μ
�̂ψ

]
=

[
γ1

γ2

]
+ T−1

[
η1

η2

]
(12)

where η = [η1 η2]
T and η1,η2 ∈ R2.

In (8e), the matrixB ∈ R4×4 and a ∈ R4×2 are given as

B =

[
0 I
0 0

]
,a =

[
a1I
a2I

]
where ai, i = 1, 2 are the coefficients of the characteristic
polynomial of the matrix (A−LC). The nonlinear injection
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Fig. 3. Implementation block diagram of HONA observer (8).

χ(η1,y −Cγ) of (8e) is designed as

χ (η1,y −Cγ) =
[
k1〈(y −Cγ)− η1〉

1
2

k2〈(y −Cγ)− η1〉0
]

=

[
k1〈
(
ψμ − γ1

)− η1〉
1
2

k2〈
(
ψμ − γ1

)− η1〉0
]

(13)

whereki, i = 1, 2 are some positive gains. Fig. 3 shows the block
diagram of HONA observer (8).

Besides, since we have already designed the speed parameter
updating law (10), by adopting a certain approach, it is possible
to observe the load torque, thereby enhancing the robustness
of sensorless control scheme to the load. Now, let us design a
specialized cascaded ESO to extend the estimated load torque
as a first-order dynamic, thus achieving load torque observation
without affecting speed observation.

Recalling the mechanical dynamics of PMSM{
pθ = ω

pω =
(
3
2nppψactiveiq

) npp

Js
− TL.

(14)

Remark 2: It should be noted that for the convenience of
following analysis, there exists a coefficient Js/npp between
the actual load torque and the load torque TL in the dynamic
(14).

Conventional ESO will introduce estimated load torque T̂L in
the parameter updating law, leading to coupling issues that affect
speed estimation; alternatively introducing additional estimated
speed fitting quantities, which would inevitably lead to increased
system complexity and reduced estimation accuracy. To conduct
load torque observation, a candidate observer employing a spe-
cial cascade form is presented in [16]. The primary feature of
the ESO proposed in [16] is that the output of the lower order
dynamics serves as the input for the higher order dynamics,
allowing it to be regarded as a series of individual first-order
ESOs. For interested readers, the detailed stability analysis of
such observer has been provided in [16]. Then, we design a
specialized cascade ESO as follows:

pT̂L =
g
(
T̄L
)

τT
(15)

where g(x) : R → R is an odd continuous function; τT is small
enough positive constant; T̄L is the error yields

T̄L = pω̂ − K̄iq + T̂L

= τΩ1
T 〈ψμ − ψ̂μ〉α − K̄iq + T̂L (16)

where K̄iq = ( 32nppψactiveiq).

B. Stability Analysis

For the convenience of the stability analysis, the adap-
tive observer (8) can effectively be divided into two parts:
the parameter updating law (8b) and the high order non-
linear states observer (8d) and (8e). Therefore, their sta-
bility will be analyzed separately in the following. For
the convenience of describe, define the operator εmin(A) =√

λmin(A
TA), εmax(A) =

√
λmax(A

TA).
1) Parameter Updating Law: First, the estimation error of

the parameter is defined as ϑ̃ = ϑ̂− ϑ. For system (5), the
parameter ϑ is rotor speed ω, then the estimation error of the
rotor speed is ω̃ = ω̂ − ω. The dynamic of ω̃ yields

˙̃ω = τΩ1
T 〈ψμ − ψ̂μ〉α. (17)

The following lemma gives the FT-ISS of (17) with respect to
the input ξ = Tδ − η, where δ = x− γ +Ωω̃, for α ∈ (0, 1)
and α = 0.

Lemma 1 (See [23]): Let 0 < 
min < εmin(CΩ(t)) for all
t > 0 and ||CΩ||∞ < 
max < +∞. Then, for α ∈ (0, 1), the
dynamic (17) is FT-ISS with respect to ξ. The trajectories
satisfies

||ϑ̃
(
t, ϑ̃0

)
|| �

√
c1

(
c

α−1
2

2 ||ϑ̃0||1−α +
σ1 (1− ζ) (1− α) 
α+1

min c
α+1
2

2

2
t

) 1
1−α

∀t � Tϑ̃1
(18a)

||ϑ̃
(
t, ϑ̃0

)
|| �

√
c1
c2
μϑ̃1

||ξ||∞ ∀t > Tϑ̃1
(18b)

where ϑ̃0 = ϑ̃(0), c1 = 2λmax(τ ), c2 = 2λmin(τ ), σ1 ∈ (0, 1),
and

μϑ̃1
=

(2σ2)
1

α+1 ||CT−1||
(ζσ1)

1
α+1 
min

Tϑ̃1
� max

[
0

2

(
c
α−1
2

2 ||ϑ̃0||1−α−c
α−1
2

1 μ1−α

ϑ̃1

)

σ1(1−ζ)(1−α)�α+1
min c

α+1
2

2

]

for any ϑ̃0 ∈ R, ζ ∈ (0, 1) and σ2 = max

(
σ1+1, σ1

(1−σ1
1
α )α

)
.

Then for the parameter updating law (8b), consider the Lya-
punov function

Vω̃ =
1

2
ω̃T τ−1ω̃ (19)

satisfying

c1
−1||ω̃||2 � Vω̃ (ω̃) � c2

−1||ω̃||2 (20a)

c1
−α+1

2 ||ω̃||α+1 � Vω̃
α+1
2 (ω̃) � c2

−α+1
2 ||ω̃||α+1. (20b)
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Next, as outlined in process [23], if α ∈ (0, 1), the derivative
of Vω̃ along the trajectory of dynamic (17), yields

pVω̃ (ω̃) � −σ1 (1− ζ) 
α+1
min c

α+1
2

2 Vω̃
α+1
2 (21a)

∀||ω̃|| � (2σ2)
1

α+1 ||CT−1||
(ζσ1)

1
α+1 
min

||ξ||∞ (21b)

for any ζ ∈ (0, 1), which suggests (17) is FT-ISS with respect
to ξ.

If α = 0, we have the following lemma.
Lemma 2 (See [24]): If 0 < 
min < εmin(CΩ(t)) for all t >

0 and ||CΩ||∞ < 
max < +∞. Then, for α = 0, the dynamic
(17) is FT-ISS with respect to ξ. The trajectories satisfies

||ϑ̃
(
t, ϑ̃0

)
|| � (22a)

√
c1

(
c
− 1

2
2 ||ϑ̃0||+ σ1 (1− ζ) 
minc

1
2
2

2
t

)
∀t � Tϑ̃1

(22b)

||ϑ̃
(
t, ϑ̃0

)
|| �

√
c1
c2
μϑ̃2

||ξ||∞ ∀t > Tϑ̃2
(22c)

where

μϑ̃2
=

2σ2||CT−1||
ζσ1
min

Tϑ̃2
� max

[
0

2

(
c
− 1

2
2 ||ϑ̃0||−c−

1
2

1 μϑ̃2

)

σ1(1−ζ)�minc
1
2
2

]

for any ϑ̃0 ∈ R, ζ ∈ (0, 1), and σ2 > σ1 + 1.
Then recalling the Lyapunov function (19), if α = 0, the

derivative of Vω̃ along the trajectory of dynamic (17), yields

pVω̃ (ω̃) � −σ1 (1− ζ) 
minc
1
2
2 Vω̃

1
2 (23a)

∀||ω̃|| � 2σ2||CT−1||
ζσ1
min

||ξ||∞ (23b)

for any ζ ∈ (0, 1), which suggests (17) is FT-ISS with respect
to ξ.

2) High Order Nonlinear States Observer: In order to con-
duct the following analysis, we introduce the following lemma.

Lemma 3 (See [25]): Applying observer (8c)–(8e)
to system (5)–(7). If ||x||∞ < +∞, ||uin||∞ < +∞ and
||G(t,y(t),uin(t))||∞ < +∞ for all t > 0, then there exists
some positive constants ki making the error dynamics

pξ = Bξ + TDw − χ
(
ξ1,CΩϑ̃

)
(24)

is FT-ISS with respect to the input ϑ̃. Besides, as reported in [25],
if ||max{wα, wβ}||∞ � w̄, then ξ satisfying

||ξ (t, ξ0) || � ς1
max||ω̃||∞ + ς2|CADw̄| 12 

1
2
max||ω̃||

1
2∞ (25)

for all t � Tξ > 0 and ςi � 1 depend only on ki.
Recalling the input δ = x− γ +Ωω̃, the dynamic of which

yields

pδ = (A−LC) δ +Dw(t) (26a)

yδ = y −Cγ = Cδ −CΩω̃ (26b)

where yδ is measurable. Then, conducting transformation δT̄ =
Tδ to (26) we have

pδT̄ = BδT̄ + aCT−1δT̄ − aCΩω̃ + TDw (27a)

yδ = CT
−1δT̄ −CΩω̃. (27b)

Then, design observer (8e) for (27), the error dynamics for ξ =
δT̄ − η yields

pξ = Bξ + TDw − χ (η1,y −Cγ) . (28)

It is note worthy that y −Cγ − η1 = CT−1δT̄ −CΩω̃ − η1

and the correction term χ1 is given by

χ1 (ξ1,CΩω̃) =

[
k1〈ξ1 −CΩω̃〉

1
2

k2〈ξ1 −CΩω̃〉0
]

(29)

where ξ1 = CT−1δ̄ − η1. Then, we have

pξ = Bξ + TDw − χ1 (ξ1,CΩω̃) . (30)

Then, note that (30) falls into the form of (24). Since we
have defined in (8c) that x̂ = γ + T−1η, and define ξ = Tδ −
η, δ = x− γ +Ωω̃, then we have

x− x̂ = T−1ξ −Ωω̃. (31)

Hence, according to Lemma 3, the state estimation error x− x̂
is FT-ISS with respect to ω̃.

C. Parameter Tuning Guideline

Recalling the adaptive observer (8), the selection ofL should
insure (A−LC) is Hurwitz. L is the gain vector of the high
gain observer (8d), according to [26] and [27], the tuning process
ofL is transformed into tuning bandwidth of the observer. Then,
L is recommended as L = [L1 L1 L2 L2]

T where Li, i =
1, 2 satisfying L1 = 2ω0 and L2 = ω0

2, where ω0 > 0 is the
bandwidth of the high gain observer.

The nonlinear characteristic constant α is recommended as
0.5 to balance the chattering and dynamic performance. Specific
explanations will be provided in the next section.

According to the findings presented in [25], if for some known
positive constant w̄ satisfying ||max{wα, wβ}||∞ � w̄, then
the gains ki, i = 1, 2 are recommended as k1 = 1.5|CADw̄|0.5
and k2 = 1.1|CDw̄|, respectively.

Up to now, the entire design process is complete, and the
inputs of the adaptive observer are voltageu and current i, while
the outputs are the estimated speed ω̂ and the states ψ̂μ and �̂ψ .
Based on the estimated speed-flux production �̂ψ , reverting
�̂ψ back to the active flux linkage ψ̂a, then the estimated rotor
position θ̂ can be obtained as

θ̂ = arc tan

(
�̂ψα

ω̂
− Lqiβ ,−�̂ψβ

ω̂
− Lqiα

)
. (32)

Accordingly, based on the designed HONA observer, the
sensorless drive system is constructed as shown in Fig. 4.
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Fig. 4. PMSM sensorless drive system with proposed observation scheme.

Fig. 5. Sensorless dynamic performance test withω∗ = −2000t− 500 sin(πt)− 200 sin(5πt), t ∈ (0.25, 1.25). (a) HONA observer withα = 0.5. (b) HONA
observer with α = 1. (c) Conventional high order SMO.

Fig. 6. Sensorless slow speed reversal test with slope of −1000 r/min/s. (a) HONA observer with α = 0.5. (b) HONA observer with α = 1. (c) Conventional
high order SMO.

IV. NUMERICAL RESULTS

This section arranges a series of comparative numerical simu-
lation tests to validate the performance of the proposed observer.
The numerical integration method chosen is the well-known
fourth order Runge-Kutta method. The simulated motor proto-
type has nameplate values of 2.4 Nm, 0.75 kW, and 3000 r/min.
Other parameters are provided in the following table.

Fig. 5 presents a comparative dynamic performance
testing of the proposed observer under sensorless operating
conditions with α = 0.5 and α = 1. The speed reference is
set to ω∗ = 3000, t ∈ [0, 0.25], ω∗ = −2000t− 500 sin(πt)−
200 sin(5πt), t ∈ (0.25, 1.25), ω∗ = 1000, and t ∈ [1.25, 1.5].
The figure indicates that the proposed HONA observer exhibits

satisfying dynamic performance when α = 0.5, and compared
to the conventional high order SMO mentioned in [28], there is
no significant performance degradation as the speed decreases.

Fig. 6 further compares the performance during slow reversal
with a slope of −1000 r/min/s. It can be observed that the
conventional high order SMO struggles to maintain stability as
the speed approaches zero, with performance rapidly deterio-
rating. In contrast, the proposed observer maintains relatively
good convergence at low speeds. Particularly when α = 0.5,
the estimation error is small, and the dynamic performance is
satisfactory.

Fig. 7 analyzes the antidisturbance performance of the pro-
posed HONA observer. In this analysis, the speed is maintained
at 3000 r/min, and a load torque defined as TL = sin(5πt),
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Fig. 7. HONA observer antidisturbance test with TL = sin(5πt), t ∈ (0.5, 1.5). (a) α = 0.5 with load torque compensation. (b) α = 0.5 without load torque
compensation. (c) α = 1 without load torque compensation.

TABLE I
PARAMETERS OF PMSM PROTOTYPE

is applied for t ∈ (0.25, 1.25). The figure illustrates that when
α = 0.5, the observer exhibits superior dynamic performance,
with the speed estimation error remaining within 30 r/min, and
the speed fluctuation is also smaller compared to whenα = 1. As
shown in Fig. 7(a), with the inclusion of load torque feedforward
compensation, the speed fluctuation is further reduced, and the
speed estimation error is suppressed, thereby enhancing the
system’s dynamic performance.

V. EXPERIMENTAL WORKS

A. Experimental Setup

In this section, a series of experiments were conducted to
validate the effectiveness of the proposed observer. The param-
eters of the PMSM used in the experiments are consistent with
those in the simulation (listed in Table I). Fig. 8 provides a
photograph of the experimental setup, which mainly composed
of the controlled PMSM and a hysteresis brake to generate load
torque, a TMS320F28335 DSP control board, an inverter, two dc
power supplies for dc bus voltage and loading, respectively, and
an oscilloscope. The PMSM is driven by the inverter, while the
hysteresis brake generates a load torque opposing the direction
of the PMSM’s motion, with representation as −Ldcihbsign(ω),
where Ldc is the torque coefficient and ihb is the current inputted
into hysteresis brake. During the experiments, the actual speed
and angle are measured by a 2500-ppr encoder for analysis. The
bandwidths of the speed loop and current loop controllers are

Fig. 8. Experimental platform.

set to 50 and 250 Hz, respectively. The improved Euler method
is employed during the discretization process. Following the
tuning guideline in Section III-C, the parameters of the observer
are chosen as ω0 = 800 and w̄ = 1600. The conventional high
order SMO for comparison is the one mentioned in [28], with
the lower order gain set to 120 and the higher order gain set to
5000.

B. Experimental Results

Fig. 9 presents a continuous dynamic performance compari-
son test. The motor operates at 3000 r/min until 3 s, after which
the speed reference decreases with a slope of −900 r/min/s for
3 s, then immediately increases at 900 r/min/s for 3 s, forming
one complete cycle. After the second cycle, the speed returns
to 3000 r/min. This implies that during the 3 ∼ 15 s interval,
the motor undergoes a continuous dynamic process with the
minimum speed reference reaching 300 r/min.

From Fig. 9, it can be observed that the HONA observer
demonstrates satisfactory dynamic performance when α = 0.5.
In contrast, when α = 1, indicating a linear observer, it fails
to accurately track the actual speed when the speed reaching
lowest point. Although the conventional high-order SMO also
shows commendable dynamic performance, it exhibits more
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Fig. 9. Experimental sensorless continuous dynamic performance test. (a) HONA observer with α = 0.5. (b) HONA observer with α = 1. (c) Conventional
high order SMO.

Fig. 10. Experimental sensorless ± 3000 r/min (1.0 p.u. ∼ −1.0 p.u.) fast reversal test. (a) HONA observer with α = 0.5. (b) HONA observer with α = 1.
(c) Conventional high order SMO.

Fig. 11. Experimental sensorless low speed operation test. (a) HONA observer with α = 0.5. (b) HONA observer with α = 1. (c) Conventional high order SMO.

severe chattering, particularly as the speed decreases, with its
performance deteriorating rapidly.

Fig. 10 presents a set of fast ± 3000 r/min (1.0 p.u. ∼
−1.0 p.u.) reversal experiments. The speed reference steps from
3000 to −3000 r/min at 3 s and then steps back to 3000 r/min at
16 s. Notably, for conventional high order SMO, due to inherent
limitations of the traditional PMSM model, it becomes challeng-
ing to maintain stability as the speed approaches zero [5], [29],
leading to out of synchronization near 200 r/min. Conversely, the
HONA observer demonstrates polished dynamic performance
during reversal process. Particularly, when α = 0.5, both speed
and angle transient errors are optimized as the speed approaches
zero.

Fig. 11 presents a set of sensorless low-speed operation exper-
iments. The motor sensorless operates at 500 r/min under rated

loaded, decelerating to 100 r/min at a rate of −40 r/min/s at 5 s,
and then accelerating back to 500 r/min at 40 r/min/s at 20 s.
As shown in the figure, the conventional high order SMO loses
stability when the speed decreases to approximately 250 r/min,
whereas the HONA observer remains stable even at 100 r/min
(0.03 p.u.). It can be observed that when α = 0.5, although the
inherent characteristics of the nonlinear parameter updating law
introduce some chattering, the dynamic performance and stabil-
ity at low-speed steady-state operation are improved compared
to α = 1.

The test shown in Fig. 12 was designed to compare the load
carrying capabilities of the proposed HONA observer under
varying degrees of linearity and with or without feedforward
compensation. The motor speed reference steps from 500 to
1500 r/min at 2 s, followed by a sudden 1 Nm load. At the
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Fig. 12. Experimental sensorless dynamic test for HONA observer. (a) α = 0.5 with load torque compensation. (b) α = 0.5 without load torque compensation.
(c) α = 1 without load torque compensation.

10 and 20 s, the speed is increased and decreased by 500 r/min/s
for 3 s, respectively, and the load is removed during the period
when the speed reaches 3000 r/min.

Fig. 12(a) and (b) show that load feedforward compensation
causes a certain degree of steady-state angle error oscillation at
low speeds due to the inherent oscillation in load estimation at
these speeds. However, during the loaded continuous dynamic
phase (10∼13 s), the speed dynamic performance is improved.
Simultaneously, it enhances dynamic performance during step
acceleration and loading. Furthermore, (b) and (c) illustrate that
dynamic performance is superior when α = 0.5 compared to
α = 1, which is particularly evident during the speed step change
at 2 s.

VI. CONCLUSION

This article addresses the challenge of constructing a speed
adaptive observer in traditional models by the speed-flux trans-
formation through the active flux model of PMSM, thereby
constructing a speed-flux model with a known regression term.
This model achieves known regression term by applying non-
linear parameterization to the motor speed. On this basis, a
HONA observer is developed, enhancing dynamic performance
by designing the parameter update law as nonlinear while the
correction term for the error estimation dynamics is designed
in the form of a high order sliding mode. Besides, the known
speed regression term feature of the speed-flux transformation
model ensures stability over a wide speed range. Numerical
and experimental results demonstrate that the HONA observer
offers advantages in low-speed range and dynamic performance
compared to linear and conventional high order SMO during
continuous dynamic processes, reversal and low speed scenarios.
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