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High-Bandwidth Harmonics-Suppressed Dynamic
Phase-Synchronized Adaptive Notch Observer for
High-Frequency Injection Based Sensorless Drive

Guangyu Pu
Hui Yang

Abstract—In high-frequency injection-based saliency tracking,
harmonic errors arise from nonidealities in interior permanent
magnet synchronous motor and inverter. Conventionally, achieving
both high-bandwidth observation and reduced low-order harmon-
ics presents an inherent tradeoff. Adaptive notch filter (ANF),
featuring harmonic suppression characteristic without affecting
the target signal, is gaining increasing attention. In this article, the
saliency tracking bandwidth-constrained divergence phenomenon
in conventional ANF-based harmonic suppression is first revealed.
Due to the inherent closed-loop nature in saliency tracking, there
is inevitable phase misalignment between detection and compensa-
tion, which could lead to high risk of divergence in harmonic sup-
pression, especially in low-speed and high bandwidth observation.
Subsequently, a novel dynamic phase-synchronized adaptive notch
observer is proposed, which has the ability to counteract the closed-
loop effect. The convergence boundary is expanded and full-order
harmonics can be suppressed under high-bandwidth observation
at low-speed. The convergence boundary is analytically proven and
the enhancements of the proposed harmonic suppression method
are verified with experiments.

Index Terms—Dynamic phase-synchronized adaptive notch
observer (DPS-ANO), harmonics suppression, high-frequency
(HF) injection, high-bandwidth, interior permanent magnet
synchronous motor (IPMSM).
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1. INTRODUCTION

NTERIOR permanent magnet synchronous motor (IPMSM)

has been widely applied in various applications for its high ef-
ficiency and high power density. Accurate rotor position sensing
is essential for high-performance control, whereas the additional
position sensors introduce both cost penalties and reliability
concerns. Hence, sensorless methods for IPMSM have been
widely investigated. In middle and high speed ranges, prevailed
performance can be achieved via the back-EMF-based sensor-
less methods [1], [2]. While in low-speed and standstill, rotor
saliency tracking methods based on high-frequency (HF) injec-
tion are widely adopted [3], [4], [5], [6]. However, the nonideali-
ties in [IPMSM and inverter could produce remarkable harmonics
in estimated position [7], [8], [9], [10], [11]. Reigosa et al. [7]
indicate that the second-order harmonics will be produced from
the asymmetrical parameters in machine parameters. Besides,
the sixth-order harmonics exists due to the inverter nonlinearity
[8], [9]. For HF injection (HFI)-based sensorless methods, the
sixth-order harmonics also comes from the spatial harmonics of
inductances [10]. Additionally, the third-order harmonics will
be produced by voltage distortion when switching frequency
injection is applied [11].

In back-EMF-based position observation, the compensation-
based methods [12], [13] and the filtering-based methods [14],
[15], [16], [17] have been widely applied to suppress the es-
timation harmonics. In [12], the enhanced Luenberger-style
back-EMF tracking observer is proposed coping with the effect
of inverter nonlinearity. Ye and Yao [13] propose an enhanced
SMO with fuzzy logic controller self-adjusted shape coefficient,
where the harmonics produced from current errors are analyzed
and compensated. Additionally, filtering-based methods have
attracted increasing attention, where the integration of adaptive
transfer function is widely investigated, [14], [15], [16], [17].
The double quasi-proportional resonant (QPR) controllers are
embedded in phase-locked loop (PLL) in [14], where the posi-
tion harmonics can be separated and suppressed. Xu et al. [15]
adopt the second-order generalized integrator (SOGI) structure,
which is characterized with adaptive harmonics attenuation
capability. Wu et al. [16] integrate a bilinear recursive least
squares adaptive filter into sliding-mode observer (SMO)-based
sensorless method and suppresses the dominant harmonic com-
ponents. In [17], a notch filter based on the adaptive transfer


https://orcid.org/0009-0005-1281-6714
https://orcid.org/0000-0002-3258-4480
https://orcid.org/0009-0004-7987-0160
https://orcid.org/0000-0002-2867-5574
https://orcid.org/0000-0002-8809-9783
https://orcid.org/0000-0002-1594-8625
mailto:guangyupu@stu.hit.edu.cn
mailto:zhanhanlin@hit.edu.cn
mailto:zhanhanlin@hit.edu.cn
mailto:wenzhiliu@stu.hit.edu.cn
mailto:yang.hui@nuaa.edu.cn
mailto:yanglei34@midea.com
mailto:xudiang@hit.edu.cn
mailto:xudiang@hit.edu.cn
https://doi.org/10.1109/TPEL.2025.3627874

5116

function structure is proposed and applied in the back-EMF-
based method, where the enhanced robustness is achieved.

The adaptive notch filter (ANF) adaptively extracts harmonic
features and suppresses harmonic errors while preserving target
signal integrity, making itincreasingly prevalentin recent studies
[18], [19], [20]. Besides, the ANF has been applied to suppress
the harmonics in the estimated orthogonal back-EMFs [21],
[22], [23]. In [21], the ANF adaptively detects and compensates
the fifth-order and seventh-order harmonics in estimated back-
EMFs induced by inverter nonlinearity. In [22], the orthogonal
master-slave ANF is adopted, achieving harmonics suppression
and fast response concurrently in back-EMF-based sensorless
methods. An amplitude-ANF is adopted in [23], which is utilized
in a low-speed back-EMF-based sensorless strategy. Compared
with compensation-based methods and filtering-based methods,
the back-EMF-based methods utilizing ANF show the advan-
tages of universality, effective low-order harmonic suppression
ability and high-bandwidth position observation performance
in low-speed. However, in saliency tracking-based sensorless
method, the orthogonal sinusoidal signals are naturally absent.
Therefore, the ANF cannot be adopted in saliency tracking
directly as in back-EMF-based methods.

For HFI-based sensorless methods, the existing harmonic sup-
pression methods can be mainly divided into machine design-
based methods [24], [25], compensation-based methods [26],
[27] and filtering-based method [28], [29], [30], [31]. Wang
et al. [24] and Bianchi and Bolognani [25] alleviate the non-
ideal saliency characteristics by adding saliency modulation
rotor and optimizing the rotor geometry, respectively. Raute
et al. [26] compensate the nonlinearities of the inverter and
reduces the harmonics induced from the varying power de-
vices resistance. An online harmonic compensation strategy is
realized in [27] by utilizing the dual frequency injection. The
filtering-based methods in [28] and [29] utilize the adaptive
SOGI and transformation-based filter to diminish the harmonics,
respectively. In [30] and [31], the QPR and Fourier iterative
learning control (ILC) are, respectively, applied, suppressing
the harmonics by feeding the estimated speed back. Whereas,
the effective full-order harmonic (across all dominant harmonic
orders) suppression is unprocurable in existing methods, which
are neither limited to suppressing certain specific harmonics
or poor in low-order harmonic rejection. Additionally, ANF
is integrated in the position observer in HFI-based sensorless
method in [32]. However, the inherent closed-loop nature of
saliency tracking is not considered, which significantly limits
the position observation performance.

However, the additional filtering loop or estimated speed
feedback in saliency tracking will inevitably influence the posi-
tion estimation process and reduce the observation bandwidth.
Besides, the inherent closed-loop nature of saliency tracking
is rarely considered in existing harmonic suppression methods,
which leads to the ineffective suppression of low-order harmon-
ics in saliency tracking in low-speed. The main contributions of
the article can be summarized as follows:

1) It is first revealed that the previously overlooked inher-

ent closed-loop nature in tracking observer inevitably
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Fig.1. Conventional ANF structure and its application in estimated orthogonal
sinusoidal back-EMFs harmonics suppression.

leads to the degraded performance and even divergence
in low-order harmonics suppression. Additionally, the
convergence boundary is proposed and proven with both
theoretical analysis and experimental results.

2) To solve the divergence problem produced by inherent
closed-loop nature in conventional ANF, A novel dynamic
phase-synchronized adaptive notch observer (DPS-ANO)
is proposed, which counteracts the closed-loop effect and
expands the convergence boundary, realizing full-order
harmonic suppression and high-bandwidth position ob-
servation concurrently in HFI-based sensorless method.

3) An exhaustive analysis and comprehensive experimental
comparisons of different harmonic suppression methods
are conducted, which demonstrates the enhancement of
the proposed DPS-ANO in harmonics suppression, tar-
get signal tracking and computational complexity for the
machines with inductance saliency under low-speed high-
bandwidth observation.

This rest of this article is organized as follows. Section II
introduces the ANF application in suppressing the harmonics of
estimated back-EMFs. In Section II1, the convergence boundary
of conventional adaptive notch observer (ANO) considering the
inherent closed-loop nature is first revealed. Section IV proposes
the DPS-ANO, which solves the divergence problem produced
by inherent closed-loop nature and realizes the full-order har-
monic suppression under high-bandwidth observation concur-
rently. The proposed convergence boundary of conventional
ANO and the enhancement of DPS-ANO are validated with
experiments in Section V. Finally, Section VI concludes this
article.

II. ANF APPLICATION IN SUPPRESSING HARMONICS OF
ESTIMATED ORTHOGONAL BACK-EMFs

The orthogonal back-EMFs can be estimated from the math-
ematic model of IPMSM. For instance, the SMO-based method,
as shown in Fig. 1, obtains the back-EMFs based on voltage com-
mand (uq, ug) and sampled current (¢, ¢g). The state equation
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of machine current can be written as

r[i]-
gl )

where L and L are the d-axis and g-axis inductances. R; is the
stator resistance. w, is rotor speed. p is differential operator. e,
and eg are the extended back-EMF, defined as

—siné,

[ea} = [(Lq — Lq)(weiq — piq) + wetby] { cos b,

€p

] 2

where iy and i, are the current in rotor synchronous reference
frame (RRF). v s is the flux linkage of permanent magnet (PM).
6. is the rotor position. The SMO model is established as

o[i]- |
el A R

where %a and %5 are the estimated current in SMO model. @,
is the estimated speed. v, and vg are the sliding-mode control
rate, defined as

Vo| _ |k- sign(%a — i)
[”6} ; [k - sign(ig _iﬂ)] @

where sign(x) returns +1 when x>0 and returns -1 when x<0. kis
the sliding-mode gain. Hence, the filtered value of sliding-mode
rate z, and zg, the orthogonal sinusoidal back-EMFs that contain
both the position information and harmonics, can be expressed
as follows

)= () - )
2B vs €s
Vavei COS 10, + Vs SIN 10,
+ ‘_; |:1)Igci cos ifl. + vgs; sin il

} ®)

where i stands for the ith-order harmonic.

Zo f and zg ¢ containing null harmonic can be obtained from z,
and 25 via ANF as shown in Fig. 1. Where ANF,, is for n'"-order
harmonic suppression. The suppression can be realized as

Zaf| _ |Za| _ Devei COS 10, + Dosq SIN 10, 6
[z,@f} L’@} Z:; [17/3&‘ cos il + Vgsi sinif, ©)

where Uq4i, Uaci and Ogg, Ugc; are the estimated harmonic
amplitude values, which can be obtained adaptively as

Deavei _ / UZaf cos(it?e gt 7
Deysi HZef Sin(ife
dt

(
= [ ([t

)
)
)
)

®)
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where p denotes the adaptation gain (x> 0), and 0, represents
the estimated rotor position generated by a quadrature PLL

b= [(@odt= [lowetor [(@aie @

where ,, and ; are the parameters of PLL, ¢ is the estimation
error signal, which are calculated as

©p = 26w, (10)
i =wp? (11)
1 ~ A
c = (287 cosbe — zq g sinb,) (12)

\/Zan —|—Z5f2

where € and w,, are the damping ratio and bandwidth of the PLL,
respectively.

Consequently, harmonics present in the orthogonal back-EMF
components z,, and zg are adaptively suppressed by the proposed
method, which preserves the integrity of position information
and enhances estimation accuracy.

III. HARMONICS-SUPPRESSED ANO AND BANDWIDTH
CONSTRAINED CONVERGENCE BOUNDARY

The orthogonal sinusoidal signals, while filtered by ANF in
back-EMF-based method, are absent in saliency tracking. In
this section, the ANF is cascaded into the saliency tracking
observer, where the bandwidth-constrained divergence due to
inherent closed-loop nature is firstly revealed and deduced ana-
lytically. It is indicated that, under high-bandwidth observation,
the low-order harmonics suffer from high risk of divergence in
low-speed.

A. ANO-Based Harmonics Suppression for HFI-Based
Method

The ideal HF model of IPMSM in RRF can be written as

Ugh _ pLd 0 igh
uz h 0 pL, i; h
where wg, , ug, and iy, , i), are the d- and g-axis HF voltage and

current signals in RRF. Hence, in estimated rotor synchronous
reference frame (ERRF), the HF model can be deduced as

] 10,0 [Pl 2 100 3]
] = [Pg ) | Tt [

T
uqh

(13)

(14)

where wug,, ug, and iy, ig, are the HF voltage and current

signals in ERRF. 0., equals to ée — 0. and ée is the angle of
ERRF. The transformation matrix 7'(0.,,-) can be defined as

| cosley  sin O
T(Oerr) = { Sin @y COS GEJ ’ (5)

Hence, the HF current can be expressed as
iéh —_ —1 de(gen‘) qu(aerr) ugh, 16
L;h] P {Bqd(gerr) Byq(Oerr) “;h (16)
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where Byq(berr), Bag(Oerr), Bya(berr) and Byg(6er)can be rep-
resented as

Lgcos 200 + Lgsin?0ey

Bad(lerr) = Tal a7
q
L4cos20sy + L,Sin%0ey,
Byy(Oem) = =——1 (18)
q
L .
Byi(Oer) = Bag(Oen) = —— sin(20ex)  (19)

dtq
where AL equals to (L4-Lg)/2. In HFI, square-wave voltage
signal injection is commonly employed to enhance observation
bandwidth. The HF voltage signal can be expressed as

-

- 0 (20)
q

where Viy; is the injected voltage amplitude and clk[£] is defined
as

ck[k] = (-1DF k=1,2,3... 1)
by substituting (20) into (16), the variation of HF current Az’Z h

and AiZh in a sampling period T can be expressed with HF
injected voltage as

{Aigh} B
Aily
T Viny S>> L+ AL cos(20e)
S L% - S -AL? {AL S0 (20err) ~clk[k — 1] (22)

where > ) L = (L4 + Lqg)/2. Therefore, the dc error signal i g
can be obtained as
STL2 - AL?
2T, Vi AL
However, current signal harmonics are generated due to non-
idealities in the [IPMSM and inverter nonlinearity. Consequently,
the dc error signal i, contains both position information and
harmonic components, as expressed by

= O + Z Agisin(ife) + Ag; cos(if.)
i=1,2,3...

(23)

Lq_sig =

= ——Aily, - clk[k — 1].

(24)

q_sig

where A,; and A ; are the amplitudes of the i"-order harmonics.
To adaptively suppress the harmonics without affecting the
position observation, the ANF can be applied, as is illustrated in
Fig. 2. The harmonics-suppressed estimation error is obtained

in ANF as
Z Ay, sin(iée) + Ay cos(iée) (25)
i=1,2,3...

E€s = lq_sig —

where the estimated harmonic amplitude flsi and Am- can be
calculated as

= S (o)

thus the harmonics-suppressed saliency tracking can be realized

as follows:
~ [+ or [ ot

(26)

>
)

@n
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Fig. 3. Detailed schematic diagram of ANO and the inherent closed-loop
nature in saliency tracking observer.

B. Convergence Boundary Analysis

The detailed schematic diagram of ANO is shown in Fig. 3,
which contains both the harmonic section, the detection section
and the compensation section. As only the estimation error
information is available, the closed-loop nature in saliency
tracking observer inherently exists. Hence, the phase misalign-
ment between the harmonic detection section and harmonic
compensation section which removes the detected harmonics
is inevitably produced, leading to the divergence of the ANF.

The transfer function G(s) from the compensation (which re-
moves the detected harmonic signal) to the signal to be detected
can be deduced as

G(s) =

s2

52 4 26wps + wp?’

(28)

Hence, the amplitude-frequency H(w) and phase-frequency
characteristics ¢(w) are calculated as

\/w4 w? — w,2)? + (28w,w3)?
(29)
(w? — ) + 28w, w?
$(w) = tan~! (um) . (30)
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For the n™-order harmonics, the detected signal can be ex-
pressed as

es = Al sin(nf, + p(nw.)) + A, cos(nfe + d(nw.))

= H (nwe){[Asn cos(p(nwe)) — Acp sin(p(nwe )] sin(nb,)

+ [Agp sin(p(nwe)) + Aen cos(p(nwe))] cos(nfe)}  (31)

where A, and A/, are respectively obtained as

Alsn o Asn o Asn _Asn
Li, } = H(nwe) Lim] = H(nwe) [Am B Acn] (32)

where A, and A.,, are the error of suppression process. Hence,
by substituting (31) into (26), the estimated amplitudes of the
nth-order harmonic can be deduced as

Asn =
wH (nwe) / {[Asp cos(p(nwe)) — Aep sin(¢(nw, ))]sin?(nd.)

+[Agn sin(p(nwe)) + Aen cos(p(nwe))] cos(nb, ) sin(nb, ) }dt
(33)

Acn =

wH (nwe) / {[flsn sin(¢(nwe))+flm cos(gb(nwe))]cosz(nQe)

+[Agp cos(d(nwe)) — Aep sin(d(nw,))] cos(nb, ) sin(nb, ) }dt
(34

the integrated value of the ac quantity in (33) and (34) equals to
0. Hence, the estimated amplitudes of nth-order harmonic can
be calculated as

[Aer] i [ ([ cototnc) — s

(35)

where 1/ equals to H (nw,.)p/2. Therefore, the state equations
of suppression error can be deduced as

— ' [Agn cos(d(nwe)) — Aep sin(g(nwe))]
pAcn = _ﬂ, [Asn Sin(¢(nwe)) + Acn COS(¢(nwe))]'

Hence, the sine and cosine components converge respectively
when the following constraints are satisfied as:

A2, cos(p(nwe)) — AgnAcy sin(g(nwe)) > 0
ApnAgn, sin(¢(nwe)) + AET, cos(o(nwe)) > 0.

pAg, = (36)

(37)

(38)
(39)

To investigate the global convergence characteristic, the

Lyapunov function can be established as
Vip = AL, + A2, (40)

by substituting (36) and (37), the derivative of the V;; can be
deduced as

pVig = 2121371 'pAsn + 2140” 'pficn

= — 20/ (A], + AZ,) cos(p(nw.)). (4D
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\\\\(z)m,, =na. (42)
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Fig. 4. Convergence boundary analysis of the harmonics-suppressed ANO.

Therefore, the global convergence of the harmonic suppression
can be achieved when cos(¢(nw.)) > 0. By utilizing (30), the
global convergence boundary can be deduced as

NWe > Wy, 42)

Constraints (38) and (39) are graphically represented in Fig. 4
with solid curve. As s illustrated in (30), the phase misalignment
resulting from closed-loop operation is strictly positive. Hence,
increased phase lag components elevate the corresponding re-
spective convergence boundary. Specifically, when the phase-
lead component approaches infinitesimal levels, the respective
convergence boundary approaches the global stability boundary,
as clearly demonstrated in Fig. 4.

Therefore, although traditional ANF structures in closed-
loop tracking observers provide adaptive harmonic suppression
while maintaining position information integrity, two critical
limitations emerge: pronounced divergence tendencies during
low-speed operation (particularly affecting low-order harmon-
ics) and progressively restricted convergence boundaries under
elevated observation bandwidth.

IV. PROPOSED FULL-ORDER HARMONICS SUPPRESSED
DPS-ANO FOR HIGH-BANDWIDTH SALIENCY TRACKING

To solve the divergence risk in conventional ANF and to adap-
tively suppress the full-order harmonics under high-bandwidth
observation without distorting the target position information,
the structure of ANF is improved with the proposed dynamic
phase synchronizer (DPS). The simplified illustration of com-
parison between conventional ANF and the proposed DPS-ANF
isillustrated in Fig. 5. h,e -gisreq Stands for the desired compensa-
tion signal. 2, 1 L.oop Stands for the actual compensation signal
in closed-loop. A, is the detected harmonics and 4, -4y, stands
for the calculated compensation signal applied to closed loop.
The harmonics in the observation loop equals to /1 4¢ + hye “1n Loop-
For conventional ANF, when the applied signal /.4, exactly
equals to the inverse number of actual compensation signal
in closed-loop /¢ '1nro0p, the harmonics can be completely
suppressed. However, due to the inevitable closed-loop nature in
position observation, the difference is produced between £ qpp
and e mnroop Specifically, when frequency of harmonics is
lower than the observation bandwidth, the phase shift between
Nre app and Ry 1nLoop 1 larger than 90°. In such condition, the
harmonics diverges to the opposite direction. In DPS-ANF, the
destination of the proposed DPS is to make /1, 1n100p €quals to
Nredisred (-hae) by dynamically adjusting /. 4y, thus counter-
acting the effect of closed-loop.
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6. Simplified Conventional ANF Structure in Closed-Loop
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The details are illustrated in Fig. 6. The proposed DPS
actively generates the phase shift between the detection and
compensation section by cascading closed-loop structure, there-
fore the closed-loop effect can be counteracted. Besides, the
parameters of the proposed DPS are varied depending on the
observation bandwidth, thus realizing global convergence char-
acteristic of full-order harmonics dynamically. G,(s) in Fig. 6 is
the open-loop transfer function.

For the proposed DPS-ANO, the calculation of the estimated
amplitude of the n"-order harmonics Asnd and Amd can be
expressed as follows:

Agng = /{sin(n@e + ¢(nwe))[(Agna cos(p(nw.))

— Apna sin(¢(nwe))) sin(nb.) + (Asnd sin(¢p(nwe))

+ Aena cos(d(nw,))) cos(nbe)] Ydt - nH (nwe)?
(43)
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Aena = / {cos(nb. + d(nwe))[(Asna cos(¢(nwe))

— Aepgsin(p(nwe))) sin(nfe) + (Agna sin(p(nwe))
+ Auna cos(p(nwe))) cos(nb,)] }dt - ,uH(m.)e)2

(44)
where A snd and /Icnd are defined as
Asnd Asnd - Asnd
- = . 45
|:Acnd Acnd - Acnd ( )

where Ag,4 and A, are the actual amplitude of the nM-order
harmonics. Hence, by utilizing (43) and (44), the state equations
of suppression error can be deduced as

Asnd _ Asnd
b |:A0’ﬂd:| - |:Acnd:|
where /14 equals to ;1H (nw,)? /2. To investigate the global con-

vergence characteristic, the Lyapunov function for the proposed
DPS-ANO can be established as

(46)

Viga= A% + A2, (47)

hence, the product of Vi; and its derivative can be calculated,
which is inherently less than 0, as is expressed as

Vita pViga = —pa(AZ, g+ A%, ,) < 0. (48)

As shown in Fig. 7 [based on (36), (37) and (46)], the phase
locus analysis reveals that the proposed DPS-ANO achieves
enhanced convergence properties versus conventional ANO
across all bandwidths, with particularly notable improvements
in high-bandwidth scenarios. The inherent convergence of DPS-
ANO allows full-order harmonic suppression without degrading
saliency tracking bandwidth.

Besides, comparative discussion and performance analyses
between the proposed DPS-ANO and existing filtering-based
harmonic suppression methods ([28], [30], [31]) are conducted.
Compared with typical transfer function-based methods which
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Computational Complexity Comparative Analysis between Different Methods
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Fig.8. Numerical result of filtering-based observer frequency response in [30],

which shows the degraded low-order harmonic suppression performance due to
transfer function limitation and center frequency offset.
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Fig. 9. Numerical result of frequency response and bandwidth comparison of
different harmonic suppression methods.

ignore the close-loop effect, the DPS-ANO shows the enhanced
full-order harmonic suppression performance. There are two key
factors that could significantly degrade the low-order harmonic
suppression performance in filtering-based methods: the limited
gain for transfer function and the center frequency offset due to
the closed-loop effect, as is illustrated in Fig. 8.

Additionally, the ANF-based method produces ignorable in-
fluence on the target signal observation when it converges, while
the filtering-based methods inevitably degrades the fundamental
signal observation. As is indicated in Fig. 9 that the frequency
responses of existing filtering-based methods are significantly
distorted. The bandwidth of the filtering-based observer can
be reduced to less than 10.0% . Additionally, the observer
bandwidth is also difficult to be tuned to the desired value by
solely adjusting the PI controller parameters.

Besides, the computational complexity analysis is also con-
ducted in cortex-MO chip based on the time accumulation of
basic operations. The comparison is illustrated in Fig. 10. It is
indicated that, while the proposed DPS-ANO shows enhanced
performance in harmonic suppression and target signal track-
ing, a computational complexity profile below that of existing
harmonic suppression methods can also be achieved.

V. EXPERIMENTAL RESULTS

Fig. 11 shows the photograph of the experimental platform. In
Fig. 11(a), two back-to-back machines, including the evaluated
IPMSM and the load machine, are illustrated. The measurement,

7z 50

S
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-3 26.66

3 30 185 20.54
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O 90 P pY P P
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Fig. 10.  Numerical result of computational complexity comparison of differ-

ent harmonic suppression methods.
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computer;
\ _t

e

Ilustration for experimental platform. (a) Back-to-back machines and

torque sensor. (b) Measurement, control, and driving devices.

TABLE I
SPECIFICATIONS OF THE EVALUATED IPMSM

Parameters Values
Number of pole pairs 4
No-load PM flux linkage 0.625 Wb
Rated power 1.1 kW
Rated current 252 A
Winding resistance Ry 7.02 Q
d-axis inductance L4 36.72 mH
g-axis inductance L, 83.95 mH

control, and driving devices of the machines are shown in
Fig. 11(b). The specifications of the evaluated IPMSM are given
in Table I. In the experiments, the HF square wave injection is
applied and the HF injection frequency is 5 kHz. The dc-bus
voltage is 220 V and the dead-time of the inverter is 1ps. The
control frequency and IGBT switching frequency are 10 kHz.
In Figs. 12 and 13, the convergence performances of the
proposed typical structure-based ANO and the proposed DPS-
ANO are illustrated, where the waveforms of the position
and the estimated harmonic amplitudes are shown. Besides,
different rotor speeds are applied to verify the failure of the
basic structure-based ANO and the validity of the proposed
convergence boundary. In the experiment, the bandwidth of
125 rad/s is adopted, by which different orders of harmonics can
be reflected on the estimation error. As is indicated by Fig. 12(a)
and (c), the typical structure-based ANO owns the capability
of suppressing the harmonics with oscillation in high-speed
(we > wp/n) and fails to suppress the low-order harmonics
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Fig. 14.  Convergence characteristic of the proposed DPS-ANO with different adaption gains. (a) Adaption gain equals to 2. (b) Adaption gain equals to 10.

in low-speed (we < wy,/n). Additionally, the critical conver-  Fig. 12(a) (converges over 1.7 s) and Fig. 13(a) (converges within
gence condition is satisfied when w. = w,,/n, as is illustrated 1.2 s).

in Fig. 12(b), which is consistent with the theoretical conver- Fig. 14 shows the practical tuning procedure of the adaption
gence boundary. In comparison, in the proposed DPS-ANO, the = gain, which is reflected by the convergence characteristic of
harmonics of different orders are inherently convergent with the DPS-ANO. Adaptation gains of 2 and 10 are applied, respec-
oscillation less than 0.16 rad in different speeds, as is shown in  tively. A larger adaption gain will lead to faster convergence,
Fig. 13. Additionally, for the identical adaption gain, enhanced while a smaller adaption gain could result in smoother and
dynamic adaption gain can be achieved, as is compared in more stable convergence behavior. Moreover, the algorithm
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demonstrates strong robustness, as stable convergence is main-
tained across a wide range of adaptation gain values. In practice
tuning procedure, the adaption gain can be determined by desired
convergence rate.

Fig. 15 shows the convergence performances of the typical
structure-based ANO and the proposed DPS-ANO under the
increasing observation bandwidth. The results in Fig. 15(a)
illustrates the failure of the basic structure-based ANO, where
the conventional ANF becomes divergent when the observation
bandwidth equals to 126.2 rad/s (w, = 1.0096nw, ), validating
the proposed convergence boundary. However, for the proposed
DPS-ANO, the harmonic suppression performance will not be
influenced by the variation of the observation bandwidth and the
suppressed estimation error is inherently less than 0.09 rad, as
is illustrated in Fig. 15(b).

Fig. 16 shows the experimental results of the estimation error
peak-peak value reduction under different operation conditions.
The comparison is conducted between the conventional HFI
without harmonic suppression, the basic ANO when suppression
process converges, and the proposed DPS-ANO. The results
indicate that, without the harmonic suppression, the largest

peak-peak value of the estimation error could reach 0.60 rad.
While the basic ANO reduces it to less than 0.30 rad, achieving
an error reduction of over 0.26 rad. By utilizing the proposed
DPS-ANO, the peak-peak value of the estimation error can be
reduced to 0.11 rad. The accuracy of position observation can
be improved by 4.91 times.

Fig. 17 shows the estimation error waveforms compari-
son between the conventional method and the methods with
different harmonic suppression methods. Conventional method
is compared with the typical structure-based ANO and DPS-
ANO in Fig. 17(a) and (b), respectively. The largest estimation
error is reduced to 48% compared with conventional method
when the typical structure-based ANO convergences. Besides,
due to the enhanced convergence performance for low-order
harmonics, the improved observation accuracy can be realized
with the proposed DPS-ANO. The largest estimation error with
the proposed DPS-ANO is 0.21 times of that with convention
method.

The spectrum analysis of the estimation error is illustrated
in Fig. 18. The spectrum in Fig. 18(a) shows the comparison
between conventional observer and the typical structure-based
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between conventional observer and the proposed DPS-ANO.

ANO. It is indicated that the dominant high-order harmonics
(sixth-order produced from spatial harmonics of inductances
and inverter nonideality) can be eliminated while the low-order
harmonics (first-order and second-order produced from the cur-
rent sampling offset and parameter asymmetry) are reduced
ineffectively. Fig. 18(b) shows the performance of DPS-ANO,
where full-order harmonics, including the dominating lower-
order harmonics (first-order and second-order harmonics), can
be effectively eliminated. Additionally, while the proposed DPS-
ANF is capable of suppressing the higher order harmonics, they
are too tiny to be measured in our experimental system.

In Figs. 19 and 20, the step load and step speed command
are applied and the step response of position and speed tracking
are illustrated, respectively, which verifies the high-bandwidth
characteristic of the proposed harmonics-suppressed DPS-
ANO. Specifically, under the step load transition from no-load
to rated load at 120 r/min, as is illustrated in Fig. 19, the current
exhibits rapid response to compensate the load disturbance with
estimation error less than 0.09 rad, reflecting the high-bandwidth
characteristics of both controller and the DPS-ANO. In Fig. 20,
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Fig. 20. Current waveforms and the performance of the proposed high-

bandwidth DPS-ANO under step speed command (60 to 150 r/min) with rated
load.

the high-bandwidth performance of the estimated speed is illus-
trated, whose error harmonics are suppressed and the estimation
accuracy is enhanced when the proposed DPS-ANO is enabled
and the step response is highlighted. When the step command (60
to 150 r/min) is performed, the rotor speed reaches the command
value within 0.18 s, and the position estimation error of the
proposed high-bandwidth DPS-ANO during the whole transient
state is less than 0.10 rad.

Figs. 21-23 illustrate the performance comparison between
the proposed DPS-ANO and existing high-performing harmonic
suppression methods ([27], [28], [30], [31]). Additionally, the
bandwidth adjusted strategy is also contained, which is the
conventional method to reject the estimation error ripple.

Fig. 21 shows the estimation error spectrum comparison. It
is indicated in the spectrum of conventional observer (without
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additional filter) that the estimation error mainly contains the
first-order, second-order and sixth-order harmonics. Conven-
tionally, the estimation error ripple can be reduced with lower
observation bandwidth. However, the suppression performance
of the low-order harmonics is unsatisfactory in such method, as is
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illustrated in Fig. 21. Additionally, the dual-frequency injection-
based method could reduce the second-order harmonic to 11.8%
, while the first-order and the sixth-order harmonics can hardly
be eliminated. Meanwhile, the adaptive SOGI, QRP method and
ILC method exhibit degraded ability in suppressing low-order
harmonics. In comparison, for the proposed DPS-ANO, the
harmonic suppression performance for full-order harmonics is
hardly degraded.

Fig. 22 illustrates the performance comparison of the speed
tracking, which could indicate the target signal observation
performance. In the experiment, the speed command from 60
to 150 r/min is applied. For the bandwidth adjusted method (by
reducing the bandwidth of observer), the estimated speed rippled
could reach 35.2% in steady state. The estimated speed ripple of
existing harmonic suppression methods (adaptive SOGI, QRP
method and ILC method) are 32.2% , 28.4% and 24.4% ,
respectively. In the proposed DPS-ANF, the estimated speed
rippled is reduced to 15.7% . Besides, the speed estimation
divergence happens under speed step command in bandwidth
adjusted method. For existing harmonic suppression methods,
the estimated speeds reach the rotor speed in 1.22 s, 1.13 s,
and 1.12 s, respectively. In comparison, the proposed DPS-ANO
demonstrates exceptional bandwidth capability and target signal
observation performance. It rapidly converges to the target speed
within 0.18 s and tracks it with higher fidelity.

Additionally, the computational time of each suppression
observer is evaluated and compared experimentally in cortex-
MO chip. Compared with state-of-the-art filter-based methods,
our method achieves significant improvement in harmonic sup-
pression without introducing substantial additional computa-
tional burden, where the computational time can be reduced
to 21.71 pus. Additionally, while the simpler conventional filter
exhibits lower computational complexity (computational time
equals to 4.2 us), the harmonic suppression performance can be
significantly degraded, where estimation error ripple is 5.2 times
the proposed DPS-ANF.

VI. CONCLUSION

In this article, it is firstly revealed that due to the inher-
ent closed-loop nature in saliency tracking, the misalignment
between the compensation section and the detected section
is inevitably produced, which limits the low-order harmonic
suppression performance and causes the divergence in con-
ventional ANF structure when nw. > w,. Subsequently, the
structure of the ANF is improved with the proposed DPS, which
shows the ability to counteract the closed-loop effect compared
with conventional ANF structure, realizing full-order harmonic
suppression and high-bandwidth saliency tracking concurrently.
The bandwidth-constrained convergence boundary is deduced
analytically based on the Lyapunov and the enhancements of the
proposed DPS-ANO are verified with comparative experiments.
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