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Position Estimation Based on Sequence Current
Decoupling and Reconstruction for PMSM Drives
Using Low-Frequency Injection
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Abstract—High-frequency (HF) noise is unavoidable with HF
injection methods in sensorless permanent magnet synchronous
motor (PMSM) drives, limiting its application scenarios. To re-
duce acoustic noise, a positive-negative sequence current (PNSC)
decoupling and reconstruction-based position estimation method
using low-frequency (LF) injection is proposed. Based on the
positive-negative frequency characteristics of the excited currents,
a cross-decoupled complex coefficient filter is used to overcome the
phase shift of conventional filters under LF injection. Stability anal-
ysis and parameter design demonstrate that the proposed method
achieves a phase-shift-free separation between the fundamental
and the LF excited currents. Furthermore, to compensate for errors
originating from the stator resistance and mutual inductance, a po-
sition error suppression method based on the reconstruction of the
PNSC is proposed. A unified mapping model between the injection
frequency and the estimation error is established to optimize the
injection method for increasing estimation accuracy. Analysis of the
current power spectral density and A-weighted curve demonstrates
that the proposed method can reduce acoustic noise. Finally, the
effectiveness of the proposed method is verified on a 2.2-kW interior
PMSM drive platform.

Index Terms—Acoustic noise reduction, complex coefficient
filter (CCF), current reconstruction, interior permanent magnet
synchronous motor (IPMSM), low-frequency rotating injection,
sensorless control.

I. INTRODUCTION

ITH the rapid development of industrial manufacturing,
W the permanent magnet synchronous motor (PMSM) has
become the core power unit due to its high power density and
efficiency [1], [2]. An accurate position is critical for achiev-
ing high-performance vector control, which is usually obtained
through mechanical sensors such as photoelectric encoders and
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resolvers. However, mechanical sensors carry the risk of failure
in harsh conditions such as high temperature, humidity, and
vibration. Sensorless control estimates position through algo-
rithms, removing the need for mechanical sensors, and enhanc-
ing the reliability in adverse environments [3], [4].

In the medium- and high-speed range, observers are typically
designed based on the mathematical model to estimate back
electromotive force or flux, and the position is tracked using a
phase-locked loop (PLL). Common methods include the sliding
mode observer [5], the hybrid active flux observer [6], and
the Kalman filter [7]. However, model-based methods may be
infeasible during low-speed operation due to their insufficient
signal-to-noise ratio (SNR). The high-frequency signal injection
(HFSI) method has become the mainstream sensorless control
method in the zero- and low-speed regions because it is inde-
pendent of motor parameters and robust to load disturbances.
The HFSI method includes rotating sinusoidal injection [8],
pulsating sinusoidal injection [9], and pulsating square-wave
injection [10]. To achieve a higher injection frequency, the
square-wave injection is usually adopted as an alternative to
sinusoidal injection. However, the injection frequency is limited
by the inverter switching frequency, which typically lies in the
human audible band (20 Hz-20 kHz). Consequently, the injected
HF signals generate acoustic noise that limits the applicability
of the HFSI method.

Several strategies have been explored to address this issue,
including increasing the injection frequency, reducing the injec-
tion amplitude, and applying pseudorandom signals. In [11], the
injection frequency was raised to the switching frequency, which
effectively reduces the noise. However, to ensure sufficient SNR,
the injection voltage would be increased accordingly, resulting
in lower voltage utilization. Moreover, complete noise removal
would require a frequency above 20 kHz, increasing switch-
ing losses. Another approach involved reducing the injection
amplitude to suppress noise [12]. Yet, this weakens the HF
excited currents, degrades the SNR of the position tracking
error, and consequently impairs the estimation accuracy. Pseu-
dorandom strategies are widely applied to reduce noise [13],
[14], [15], [16]. To mitigate the sharp noise caused by discrete
spectral peaks, early work randomized the frequency of two HF
voltages, which broadened the excited-current spectrum [13]. In
[14], a hybrid injection method combining random frequencies
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and phases was proposed to reduce noise. To further reduce
noise, the pseudorandom HF triangular-wave current signal with
random frequencies and phases was injected to eliminate the
discrete spectrum for noise suppression [15]. Furthermore, a
half-period-switching pseudorandom sinusoidal injection (HPS-
PRSI) method spreads the current power spectral density (PSD)
and removes discrete harmonics, yielding additional noise re-
duction. The above methods can effectively reduce noise; how-
ever, since the injection frequencies remain relatively high and
within the human audible range, the achievable noise reduction
is still limited.

Reducing the injection frequency can also decrease noise by
shifting the excited current power spectrum from the HF region
to the low-frequency (LF) region. However, as the injection
frequency decreases, the fundamental and the excited currents
become difficult to separate, which may lead to position estima-
tion failure and even instability. To address the separation issue,
a model-based current estimator replaced the digital filters and
separately evaluated the current containing position information
and the feedback current for control [17]. Due to its reliance on
the motor model, this method is sensitive to motor parameter
variations. Another method estimated the position from the
torque disturbances caused by the injected signal [18]. Since
the rotor saliency interferes with this method, it is more suitable
for surface-mounted PMSM (SPMSM) and relies on accurate
motor parameters. To address the impact of filters, an LF pulse
voltage injection that separates injection and control periods was
introduced [19]. Building on this, a pseudorandom LF pulse
voltage injection method was proposed to further reduce noise
[20]. However, interrupting the field-oriented control process
results in the loss of instantaneous current information and
degrades dynamic performance.

For signal injection methods, as the injection frequency de-
creases, the position estimation errors caused by the stator resis-
tance and filter-induced phase shifts become nonnegligible. The
analysis in [21] shows that resistance introduces a dc bias error,
degrading the estimation accuracy of rotating injection methods.
To compensate for the resistance effect, two sinusoidal signals
at different frequencies were injected in the stationary frame,
and four equations were used to solve for the position [22].
Nevertheless, the use of two HF signals further increases noise
and additional losses. In [23], to mitigate filter effects, the sam-
pled currents and the demodulated signals were passed through
a high-pass filter (HPF), and an enhanced PLL with band-pass
filter (BPF) characteristics was employed. Nevertheless, when
the injection frequency approaches the operating frequency, the
phase shift persists. To compensate for the filter-induced phase
shifts during demodulation, a dual second-order generalized
integrator was employed to suppress the resulting position esti-
mation error [24]. The above methods can reduce the influence of
the stator resistance and filters on position estimation; however,
problems persist for LF injection.

In this article, a positive-negative sequence current (PNSC)
decoupling and reconstruction-based low-frequency injection
method is proposed to reduce additional acoustic noise for
PMSM drives. To eliminate the position estimation error in-
troduced by conventional filters, a cross-decoupled complex
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Fig. 1. Reference frames of position sensorless IPMSM drives.

coefficient filter (CD-CCF) based separation method for the
fundamental and LF excited currents is developed. Then, a
position error suppression scheme based on the reconstruction
of the PNSC is proposed. This scheme will compensate for
the estimation error caused by the stator resistance and mutual
inductance by using both the positive-negative sequence phases.
Furthermore, the mapping between the injection frequency and
the position estimation error is analyzed to enable frequency
optimization for further error reduction. The main innovations
of this research are summarized as follows.

1) The LF rotating sinusoidal injection-based sensorless
control is proposed to reduce acoustic noise. A unified
mapping model between the injection frequency and the
position estimation error is established, and the criterion
for selecting the optimal injection frequency is clarified.
A CD-CCF-based LF excited current extraction method
is proposed. The CD-CCF preserves unity gain and zero
phase for the target components, avoiding the phase shift
introduced by the conventional filtering methods during
the separation of the fundamental and LF excited currents.
A position estimation error suppression method based on
the reconstruction of the PNSC is proposed. By simul-
taneously utilizing the phase information of the PNSC,
the position estimation error resulting from the stator
resistance and mutual inductance can be reduced.
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II. ANALYSIS OF POSITION ESTIMATION ERROR FOR
LOW-FREQUENCY ROTATING SINUSOIDAL INJECTION

The resistance, the mutual inductance, and the filter-induced
phase shifts can lead to significant deviations in the estimated
position when using low-frequency injection. Fig. 1 shows the
reference frames used to analyze the signal injection-based posi-
tion estimation method for sensorless interior PMSM (IPMSM)
drives. The a-3, the d-q, and the d°-q° frames denote the
stationary frame, the rotary frame, and the estimated frame,
respectively. 6, éo, and 6, denote the actual position, the es-
timated position, and the position estimation error, respectively,
and 0, = 0, — ée.

The LF rotating sinusoidal injection method injects a voltage
signal into the -3 axes, with the expression as

ol o

ugi sin (wjt)
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where u,; and ug; are the injected LF voltages in the o axes,
respectively. U; and w; denote the amplitude and frequency of
the LF sinusoidal signal, respectively.

The «-f axis mathematical model, considering the stator
resistance and mutual inductance, can be expressed as

Uai| o1 Zan  Zdqn Lai
[uﬁi] =T @) [quh th] T L‘ﬁi} @
where i,; and ig; are the o-3 axis LF excited currents, respec-
tively. [Zan, Zagh; Zqh> Zqdn] = [Rs+jwiLan, jwiLaqn; jwiLlqdn,
Rs+jwiLqn] is the d-q axis impedance matrix, where Lqq, and
Lgyan are mutual inductances, and Lqgn, = Lgdn. Lan and Lgy
are the d-q axis self-inductances, respectively. Ry is the stator
resistance. j is the imaginary unit.7(-) = [cos(:), sin(-); -sin(:),
cos(+)] is the coordinate transformation matrix.

From (2), the a-3 axis LF excited currents can be obtained as

PR e

i ZanZan — Zaqn®

| —Zagn sin (wit — 26e) + Zo cos (wit) — Z1 cos (wit — 26)
Zy sin (wit — 26,) + Zy sin (wit) — Zgqn cos (wit — 26.)

(3)
where Zy and Z; are the average and differential impedances,
defined as Zy = (Zan + Zqn)/2 and Zy = (Zgy, - Zqn)/2, respec-
tively.

Substituting the d-q axis impedance matrix into (3) yields the
«-3 axis LF excited currents, which can be expressed as

{iai} ., [COS (gn — wit + 200 + T)

i o sin (SDn — wit + 20, + %)

“

s

sin (wit —@p — 5)

where I, and I, denote the amplitudes of the PNSC, respectively,
as given in the following equation:

7= Viwi v/ (TL1—X Lagqn) >+ (xL1+T Lagn)*
=

F2+X2 5
. _ @)
I - Viv/ (-Twi Lo+xRe) >+ (xwi Lo+TR)
b 242

¢n and ¢y, are the phase angles jointly caused by the resistance
and inductance, as given in the following equation:

{gon = atan2 (I'L1 — xLagn, —xL1 —T'Lagn) — 5

2
(6
¢p = atan2 (—TwiLo + xRs, xwilo +T'R,) — 5 )

where I' = R.*—w?(LanLqn— Lyqy?) and x=wiRs(Lan +
Lgn). Lo and Ly denote the average and differential inductances,
respectively, which are defined as Lo = (Lqy, + Lqn)/2 and Ly =
(Lan — Lyn)/2. atan2(-) denotes the two-argument arctangent.
The conventional method extracts the PNSCin (4) using a syn-
chronous rotating filter and employs a PLL to estimate position
[8]. However, due to ¢y, the estimated position exhibits a bias of
-0.5¢,. Fig. 2 shows the position estimation error under different
resistances and injection frequencies. As shown in Fig. 2, the
error increases as the injection frequency decreases, and it also
increases with larger resistance. Therefore, at reduced injection
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Fig. 2. Position estimation error with different resistances and injection fre-
quencies when considering only resistance and mutual inductance.

frequency, the estimation error introduced by the resistance is
nonnegligible.

On the other hand, the conventional method typically employs
a BPF or an HPF to extract the excited currents. Additionally,
an HPF is used in the synchronous rotating filter to separate
the PNSC. However, at low injection frequency, these filters
introduce phase shifts in the extracted excited currents, leading
to position estimation errors. The transfer functions of the HPF
and BPF are given by

52

52 4+ (wn/ Q) s + wp?

_ (wo/Q) s
= T (/0 s @)

where w, is the cutoff frequency of the HPF, wy is the center
frequency of the BPF, and Q is the quality factor.

From (7), the phase responses of the BPF and HPF can be
obtained as

/Gyp (jwg) = ™ — atan2 (é"Tl, 1-— (wx/wn)Q)
£Gp (juz) = § — atan2 (2,1~ (wo/ Q)%)

where w, denotes the input-signal frequency.

Fig. 3 shows the magnitude-frequency characteristics of the
HPF and BPF for an injection frequency of 80 Hz. As shown
in Fig. 3(a), the HPF exhibits significant phase shifts at w;
and -w;+2w,, and its attenuation of the fundamental current
is limited. Similarly, Fig. 3(b) shows that when extracting the
excited currents at w; and -w;+2w., the BPF cannot ensure zero
phase shift for both components. Therefore, the conventional
HPF or BPF cannot effectively separate the fundamental currents
from the LF excited currents.

By jointly accounting for the stator resistance, the mutual
inductance, and the filter-induced phase shifts, the position
estimation error can be expressed as
j.__ntZGap (j (—wi+2we)) + ZGup (j (—2w;+2w.))

e 2 N
)

Fig. 4 shows the position estimation error under different
resistances and injection frequencies when the phase shifts intro-
duced by using the BPF/HPF are considered. It is observed that
the overall error increases as the injection frequency decreases.
For the same injection frequency, the error also increases with
operating speed.

Gup (s5) = ,Gp (s)

®)
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Fig. 3. Amplitude-frequency characteristics of the HPF and BPF in position
estimation. (a) Second-order HPF. (b) Second-order BPF.
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Fig. 4. Position estimation error with different resistances and injection fre-
quencies when considering resistance, mutual inductance, and filter-induced
phase shifts.

III. PROPOSED LF INJECTION METHOD BASED ON THE PNSC
DECOUPLING AND RECONSTRUCTION

To achieve accurate position estimation at low injection fre-
quency, a LF rotating sinusoidal injection method based on the
PNSC decoupling and reconstruction is proposed. The control
block diagram is shown in Fig. 5. Leveraging the CCF’s ability
to separate positive-negative frequency harmonics, this method
can effectively separate the fundamental currents from the LF
excited currents. Moreover, to address the position estimation
error caused by the stator resistance and mutual inductance, a
PNSC reconstruction-based demodulation is developed.

A. PNSC Decoupling and Reconstruction-Based Position
Estimation Method

Based on the frequency characteristics of the PNSC, a CCF
is employed to extract the LF excited currents, as shown in the
CD-CCEF block in Fig. 5. This filter separates the components
at wj and -w;+2w,, and simultaneously isolates the fundamental
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current at w,. Its transfer function can be expressed as

_ dapt(s) _ k
Go (s) = ?u[;f(S) T s—jwetk
G (s) = #25 = =t (10)

iap(s)
iaB‘?Z(S) _
iap(s)

s—j(—wi+2we)+k
k

G2 (s)

s—jwi+k

where ingf, ingi1, and iqgio are the fundamental currents, the
negative sequence excited currents, and the positive sequence
excited currents in the - axes, respectively. k is the gain of the
CD-CCE.

To enhance the performance of signal extraction, a cross-
decoupling network is designed, which can be expressed as

iapt (8) = Go (8) (iap (8) — Gapi1 (8) —iapiz (5))
iapi1 (8) = G1(5) (iap (8) = iapt (8) —apiz (5)) -
iapiz (8) = Ga (8) (iap (8) = iapt (5) —iapi1 (5))

According to (11), the transfer function between the extracted
currents and the sampled currents can be expressed as

(1)

o) = tapi(8) _ tapi1 () + iagiz (5)
GO0 T i
(1—Go(s)) (G '(s) + G2 (s) — 2) .
(G17'(s) — Gols)) (C_?f’l(é’) —1) + (1 = Go(s))

(12)
From (10) and (12), Gy (s) can be derived as
2k (52 — 2jWes — wez)
G = 13
i(s) s3 + (3k — 3jwe) 82 + p15 + pa (13)
where

P1 = wiZ — 2Wew; — 2we? — 6jwek (14)

o = wiZk — 2wewik — 2we2k — jwew;? + 2jwew;

Fig. 6 shows the Bode diagram of the proposed CD-CCF for
extracting the LF excited currents, with the injection frequency
set to 80 Hz. The Bode diagram is calculated and plotted based
on the closed-loop transfer function derived analytically from
the block diagram. As observed, the filter extracts the excited
currents at w; and -w;+2w, without phase shift or magnitude
attenuation, while strongly suppressing the fundamental com-
ponent at w,. Therefore, the proposed CD-CCF can effectively
separate the fundamental currents from the excited currents.

Also, conventional demodulation relies on the negative-
sequence current, and thus, the stator resistance will introduce a
position estimation error that increases as the injection frequency
decreases. Fig. 7 shows the phase variation of the PNSC with
different resistances and injection frequencies, which is plotted
according to (6) from the analytical derivation. Since the expres-
sion of phase shift in (6) does not contain a voltage amplitude
term, the injection voltage amplitude does not induce any phase
variations. The accurate extraction of the excited currents is
critical for ensuring position estimation performance. However,
if the injection amplitude is too low, it will be difficult to extract
accurate LF excited current information. The higher the injection
amplitude, the higher the SNR, but also the higher the torque
ripples and the lower the available voltage margin. Therefore,



9092 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026
The PNSC reconstruction based position
estimation error suppression method .
Speed “—th’>—' Current
lcontroller|'drst ) controller|
LF injection:
Ug u,_l
ug;
SVPWM
Inverter
Fig. 5. Block diagram of the proposed PNSC decoupling and reconstruction-based position estimation method.
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Frequency (Hz) including PWM-update and hardware delays.
Fig. 6. Bode diagram of the CD-CCF for LF excited current extraction. From (15) and (16), the reconstructed currents contain the

Fig. 7. Phase variation of the PNSC with different resistances and injection
frequencies. (a) Negative-sequence current phase. (b) Positive-sequence current
phase.

the injection voltage amplitude is typically selected such that
the excited current magnitude falls between 5% and 20% of the
rated current. And then, as shown in Fig. 7, since the phases
of the PNSC share the same sign, a PNSC reconstruction-based
error suppression method is proposed. This method employs the
positive-sequence phase to compensate for the error induced by
the negative-sequence phase. The reconstructed excited currents
are given in the following equations:

ew  es
i3 = 2i0i1i

= —I,%sin (—2w;t + 20, + 46, + 2¢q)

2we, 2wj, and -2(w;-2w,) components. Only the 2w, component
is used for position estimation. Moreover, the spectral distribu-
tion of the reconstructed currents resembles that of the sampled
currents. Therefore, a CD-CCF-based PLL (CD-CCF-PLL) is
designed to extract the required component for position estima-
tion, which can be expressed as

gnew (s)
_ aBi2we _ k1
Go_prr (s) = mer(s) | s j2wethi
new ()
__ lapil _ k1
GI—PLL (S) ToanEi(s) T os—j(2witdwe )tk a7
i?yeﬂv‘{Z(s) kl
G prL (s) = mer(s) 52wtk

‘new

where ig%";’jwc, zg%vi’l , and i} Gio are the fundamental com-
ponents, the negative sequence components, and the positive
sequence components of the «-f3 axis reconstructed excited
currents, respectively. k; is the gain of the CD-CCF-PLL.

For the designed CD-CCF-PLL, the transfer function between
the 2w, component and the reconstructed currents is given in
(24). Combining (17) and (24), shown at the bottom of the next
page, the simplified transfer function Gy-pr,1.(s) can be obtained
as (25), shown at the bottom of the next page.

Fig. 8 shows the Bode diagram of the proposed CD-CCF-
PLL with the injection frequency set to 80 Hz. As observed, the
filter extracts the 2w, component for position estimation without
phase shift or magnitude attenuation, while strongly suppressing
the components at 2w; and 2(-w;+2w,).
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Bode diagram of the CD-CCF-PLL for 2w, current component extrac-

After eliminating the 2w; and -2(w;-2w,) components from
the reconstructed currents using (17), the equivalent position
tracking error obtained via the heterodyning method is

ity cos (26.) — iy, sin (20.)
E =
New 2 new 2
\/(lai_Qwe) + (26i72wc)
= sin (gpn —p + 29~C> .

Finally, feeding the signal in (18) into the PLL enables po-
sition estimation, thereby achieving sensorless control at low
injection frequency.

(18)

B. Stability Analysis and Parameter Design

To ensure stable operation, the stability should be analyzed.
Firstly, the influence of parameters on the stability of fundamen-
tal current and LF excited current extraction is examined. The
characteristic polynomial of Gy(s) is

A (s) = s+ (3k — 3jwe) 5% + p15 + pa. (19)

Following the research presented I [25], the generalized Routh
matrix can be obtained from (19), with the relevant parameters
given by
ap =1,a; = 3k, as = w;% — 2wew; — 2we2,
as = wilk — 2wewik — 2wk
b1 = —6we, by = —6wek, by = 2w w; — Wew;>
b1 = arby — agbz, as™ = ayas — agaz, b3 = arbs .
as® = ajasM + bl(l)bz, b3(2) — albg(l) _ bl(l)a3
by = a5y D py — a1b3(2), asM = as@ag
az® = as@az () + py,(Vps (2

(20)
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Fig. 9. Influence of coefficient m on the stability of the CD-CCF.

According to the generalized Routh criterion, the stability
condition for Gyg(s) is

ap > 0,a1 > 0,a, > 0,a3% > 0. 1)

Therefore, from (20) and (21), the designed CD-CCF is stable
when the gain k and injection frequency w; satisfy (22). Here,
m denotes the proportional factor, whose admissible range is
shown in Fig. 9.

k> 0,w; > mwe. (22)

Fig. 9 is designed to visualize the stable region (a3® > 0)
for different m and w,. Since the value of a3® varies signifi-
cantly with both m and w,, a logarithmic expression is adopted;
consequently, sign(as®)-abs(log1o(abs(az®))) is employed to
provide a more intuitive representation regarding the influence
of coefficient m on the stability of the CD-CCF.

Similarly, analysis yields the admissible parameter range of
the CD-CCF-PLL during the PNSC reconstruction as

k1 > 0, w; > mw, (23)

where m has the same admissible range as in (22).

To further evaluate the influence of gain k on the CD-CCF for
LF excited current extraction, the Bode diagram for different
k is shown in Fig. 10(a). As gain k increases, the CD-CCF
responds faster but with lower extraction accuracy. Fig. 10(b)
shows the Bode diagram of the CD-CCF-PLL for different
gains k;. A larger k; similarly yields faster response but lower
accuracy. Hence, the parameter selection requires a tradeoff
between response speed and extraction accuracy.

On the other hand, although the PNSC reconstruction-
based method reduces the estimation error, a residual error
of 0.5(¢p-¢n) remains in the estimated position. Therefore,

ia,@i_Qwe (3)

Tagi (5)

Gu_ pri(s) =

(GipLL " (s) = 1) (Gaprr ' (s) — 1)

(24)

~ Goprn H(8) (Gein 1(s) = 1) (Gaprr '(s) — 1) + (Goprr (s) — 1) (Gi_prr ' (s) + GopLL *(s) — 2)

k1 (52 — 4jwes + dw;? — 8wewi)

G = )
n_pLL(s) $3+(3k1 — 6jwe) 2+ (dwi? — 8we? —8wewi — 12jwek1) s+ 8jwew; (—wi+2we ) — 4k (wi (—wi+2we ) +2we?)

(25)
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a systematic mapping between the position error and the re-
sistance and injection frequency is required for this demod-
ulation scheme. Fig. 11 shows the position error versus the
resistance and injection frequency. Fig. 11(a) considers an in-
jection frequency range of (0, 150 Hz) and a resistance range
of (0, 2p.u.). The results show that the proposed demodu-
lation significantly reduces the position error relative to the
conventional method. However, at very low injection frequency,
a nonnegligible error persists. Hence, the injection frequency
should be selected to maintain high accuracy while enabling LF
injection. Fig. 11(b) considers an injection frequency range of
(70,90 Hz) and aresistance range of (0.75, 1.25p.u.). Within this
range, the position error remains within (-2°, 3°). Accordingly,
80 Hz is selected as the injection frequency. It is also noted
that the position error at this operating point includes contri-
butions from both the resistance and the mutual inductance,
so no additional compensation for the mutual inductance is
required.
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The selection of the injection frequency should take into ac-
count the position estimation error caused jointly by the injection
frequency, the inductance, and the stator resistance, as well as
the stability of the CD-CCF. Subsequently, the principle for
selecting the injection frequency can be expressed as

O (¢,n) =K (q9) "M (n)

K = {q€ Slpp (@) = 0n () < W o |
M = {n € Slay > 0,a2 > 0,a3® > 0}
q = (wi, Rs, Lagn, Lan, Lqn)

n = (wi,We, k)

(26)

where O(g, n) is the expected set of the injection frequency when
considering both the position estimation error and the stability.
0o _max 18 the expected maximum position estimation error.

C. Analysis of A-Weighted Noise Characteristics

The PSD is used to analyze the noise distribution of the HF
injection method [13], [14], [15], [16]. For a fixed-frequency
sinusoidal injection, the HF current PSD can be expressed as

§(5) = =g hog (D (F — i)

inj

27)

where Ti,; is the period of the HF signal. f;,,; is the injection
frequency. /inj(f) denotes the Fourier transform of the excited
current. §(-) denotes the unit impulse function.

Based on the excited currents under rotating injection, the
current PSD can be expressed as

S (f) = £a2 110 (DS (F = fu) + £° 1T (D)6 (F = £)
(28)
where f,, and f,, are the frequencies of the PNSC, respectively,
given by f, = -fi+2f, and f;, = f;. f; is the injection frequency, and
Je is the electrical operating frequency. 1,,(f) and I;,(f) denote the
Fourier transforms of the PNSC, respectively.

From (28), the fixed-frequency sinusoidal injection (FFSI)
produces prominent phase current PSD peaks at f;, and f;,, which
are tied to the operating and injection frequencies. The current
PSD reflects the noise, so the noise frequencies coincide with
these peaks. As the injection frequency increases, the noise shifts
to higher frequencies. As the amplitude-to-frequency ratio of the
injected signal increases, the noise level rises.

Acoustic noise results from the combined contribution of mul-
tiple frequency components. Human hearing exhibits nonuni-
form sensitivity over frequency, which can be quantified by the
A-weighted curve. The A-weighted curve is widely used in en-
vironmental noise measurement, hearing protection assessment,
and industrial noise certification [26], which is

R (f) = 22500

M = (f2 +20.6%) (2 +122002) (f2 + 107.7%)"°
(2 +737.92)"°

La = 2.0+ 20log (Ra (f))

where L is the weighting factor computed from the A-weighted
formula.

Fig. 12 shows the frequency response of the A-weighted filter
computed from (29). The curve peaks at 1-5 kHz, indicating

(29)
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higher auditory sensitivity to mid frequencies than to low or
high frequencies. The A-weighted sound level is computed as

LA Weighta = Ly + La (30)

where La_weighted 18 the A-weighted sound level in dBA, and
Ly is the actual noise level in dB.

Therefore, increasing or decreasing the injection frequency
can suppress noise. However, increasing the frequency is limited
by drive capability, and excessively high values raise converter
losses and reduce voltage utilization. The LF injection adopted
in this article reduces acoustic noise and mitigates penalties on
converter loss and voltage utilization.

D. Analysis of Inverter Nonlinearity

The dead-time effect is an important factor of inverter non-
linearity, which is unavoidable at low speeds, posing a major
challenge to sensorless control of PMSM. The impact of the in-
verter nonlinearity on the proposed method primarily manifests
as the introduction of harmonics in the estimated position.

When considering the inverter nonlinearity, the o-f3 axis LF
excited currents can be expressed as (31) shown at the bottom of
this page, where I hnek, /8hn6k,> Panneks and @ ghnek are the mag-
nitude and phase components of the 6kth harmonic components
for the negative sequence current in the - axes, respectively.
Tonp6ks 18np6ks Panpeks and @ gnpek are the magnitude and phase
components of the 6kth harmonic components for the positive
sequence current in the a-3 axes, respectively.

According to (31), the inverter nonlinearity introduces ad-
ditional harmonics into the LF excited currents, consequently
causing fluctuations in the estimated position.

IV. EXPERIMENTAL RESULTS

Fig. 13 shows the 2.2-kW IPMSM experimental platform,
and the motor parameters are listed in Table I. An ARM chip
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Fig. 13.  2.2-kW IPMSM experimental platform.
TABLE I
PARAMETERS OF THE TEST IPMSM
Parameter Value Parameter Value
Rated power 2.2 kW Phase resistance 1.86 Q
Rated voltage 380V D-axis inductance 22 mH
Rated current 44 A Q-axis inductance 51 mH
Rated speed 1500 r/min Pairs of poles 3
Rated torque 14 N'm Magnetic flux 0.46 Wb
Peak of back- 146 V

DC voltage 3TV EMF @1000 r/min

STM32F103VCT6, with a clock frequency of 72 MHz, is ap-
plied to execute the entire sensorless control algorithm. The
PWM carrier frequency, the sampling frequency, and the control
frequency are set to 6 kHz. The test IPMSM is coaxially coupled
to aload induction motor (IM), and the load torque is provided by
the coaxially connected IM. An incremental encoder with 2000
p/r is applied to detect the actual rotor position for comparison
only. Acoustic measurements use a commercial sound level
meter (BSWA 308). For the proposed method, the injection
frequency is 80 Hz, and the injection amplitude is 9 V. To
optimize the position estimation performance of the proposed
method, dead-time compensation is used in the experiments.
Fig. 14 shows the extracted a-axis fundamental current and
LF excited current using the CD-CCF at 100 r/min under rated
load. From the FFT result in Fig. 14(b), the extracted a-axis
LF current contains 70 Hz (f; - 2f,) and 80 Hz (f;) components,
corresponding to the PNSC, respectively. The negative-sequence
and positive-sequence current amplitudes are 0.18 A and 0.57 A,
respectively, and the 5 Hz (f,) fundamental component is almost
completely removed. From the FFT result in Fig. 14(c), the
extracted a-axis fundamental current has a 5 Hz (f,) amplitude
of 6.41 A, and the 70 Hz (f; - 2f.) and 80 Hz (f;) components are
also removed. These results confirm that the proposed CD-CCF

!

lai =

-7
ZBi:

cos (gon — wit + 20, + %) {In + > 11 Lannek cos (6kwet + @ahnek)}
+cos (wit —¥p — g) {IP + Zk:l Iahp6k Cos (Gkaet + @(xhp(}k)}

3D

sin (‘pn — wit + 20, + g) {In + Zk:l Ighnek Sin (Gk(ﬁet + goﬂhnﬁk)}
+sin (wit = ¢p = 5) {Ip + 2 k=1 Ipnpoic sin 6kt + @ﬂhpek)}
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can effectively separate the fundamental currents from the LF
excited currents.

Fig. 15 shows the reconstructed currents and the 2f, com-
ponent extracted by the CD-CCF-PLL at 100 r/min under rated
load. From the FFT result in Fig. 15(b), the reconstructed a-axis
LF current contains 10 Hz (2f,), 140 Hz (2f; - 4f.), and 160
Hz (2f;) components. The 10 Hz (2f,) component is used for
position estimation, and the 140 Hz (2f; - 4f.) and 160 Hz (2f;)
components should be suppressed. Fig. 15(c) shows the FFT
result of the extracted 2w, component, in which the 10 Hz (2f;,)
amplitude is 0.18 A, and the 160 Hz (2f;) component decreases
from 0.29 A to 0.03 A, and the 140 Hz (2f; - 4f.) component
is almost eliminated. These results confirm that the proposed
CD-CCF-PLL can effectively extract the current component for
position estimation from the reconstructed currents.

Fig. 16 shows the experimental results at 100 r/min under
rated load for different methods. Fig. 16(a) shows the result
of the conventional BPF/HPF method in sensored control. The
BPF separates the fundamental and excited currents with a 30
Hz bandwidth. The HPF separates the PNSC with a 50 Hz cutoff.
Due to the stator resistance and filter-induced phase shifts, the
position error reaches 42.1°, which prevents sensorless opera-
tion. Fig. 16(b) shows the result of the CD-CCF in sensorless
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control. The CD-CCEF is used to separate the fundamental and
LF excited currents, and the negative-sequence component is
used for position estimation. The phase shift introduced by
conventional filters is reduced, yet the resistance produces an
error of about 11.2°. This error is lower than with the conven-
tional method, which verifies the effectiveness of the CD-CCF.
Fig. 16(c) shows the results of the CD-CCF combined with
the PNSC reconstruction in sensorless control. This method
mitigates the effects of the stator resistance and filter phase shift
at low injection frequency, and the position error decreases to
about 2.7°.

Fig. 17 shows the experimental results with different injection
amplitudes and frequencies under rated load. For Fig. 17(a), the
injection frequency is set as 60 Hz, and the position estimation
error reaches 5.8°, which is larger than the error at 80 Hz.
This occurs because lower injection frequencies increase the
influence of the stator resistance on position estimation. For
Fig. 17(b), with the injection frequency maintained at 80 Hz
and the amplitude increased to 16 V, the peak-to-peak posi-
tion estimation error is reduced to 5.4°. This improvement is
attributed to the higher SNR achieved with greater injection
voltage. However, as visible from the phase currents, the ripple
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Fig. 17. Experimental results under different injection amplitudes and fre-
quencies. (a) 60 Hz, 6 V. (b) 80 Hz, 16 V. (c¢) 150 Hz, 19 V.

increases correspondingly. For Fig. 17(c), when the injection
frequency is raised to 150 Hz, the position estimation error is
-2.9°. For higher frequencies, the mutual inductance becomes
the dominant factor affecting position estimation.

To further evaluate the dynamic performance of the proposed
method at different speeds, Fig. 18 shows the experiment re-
sults of sudden addition and reduction of 100% rated load at
0 r/min and 100 r/min. From Fig. 18(a), the maximum speed
estimation error is 26 r/min, and it takes 0.6 s to reach steady
state. From Fig. 18(b), the proposed method also achieves stable
operation during load variation at 100 r/min. The maximum
speed estimation error is 32 r/min, and the settling time is
0.6 s. Moreover, from Fig. 18, the position estimation errors
exist under no load, about 9.1° at O r/min and 9.4° at 100
r/min. Since this method accounts for both the stator resis-
tance and the mutual inductance, the position error can be
reduced under heavy load. However, the mutual inductance
is approximately zero under no load, so the stator resistance
dominates and produces a relatively larger residual error. For
comparison, the conventional method exhibits a position error
of about 42.1° under heavy load and an even larger error under
no load, which indicates superior performance of the proposed
method.
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Fig. 19 shows the experimental results of different injection
methods under motor parameter variations at 100 r/min and rated
load. The injection frequency is 80 Hz for all three methods.
Fig. 19(a) shows the results of the LF voltage injection method.
Since the excited current is computed from motor parameters,
the position error changes with inductance variations and ex-
hibits larger fluctuations than the other two methods. Fig. 19(b)
shows the results of the LF current injection method. During
inductance variations, the position error remains around -19.1°,
and only the fluctuation magnitude changes. Since the rotor
saliency introduces an additional disturbance for this method,
a position error exists [27]. Fig. 19(c) shows the results of the
proposed method. The position error is essentially unchanged
under inductance variations. These results indicate superior
position estimation performance of the proposed method.

A comprehensive comparison of the computation burden for
the three methods is presented in Fig. 20. The proposed method
requires an execution time of 15.94 us, compared to 10.89 us
for the LF voltage injection method [17] and 12.84 ps for the LF
current injection method [18]. Although the proposed method
involves a higher computational load than the other two methods,
the position estimation performance is improved. Moreover, the
proposed method takes up 9.6% of the interruption time at the
switching frequency of 6 kHz, and the increased computation
time is acceptable for most microprocessors.

Fig. 21 shows the experimental results of startup from zero
speed under rated load. The speed is first held at O r/min while
100% rated load is applied, then the motor accelerates from O to
100 r/min under 100% rated load. During the loaded startup, the
maximum position estimation error is -15.1° at the start instant.
After the speed reaches 100 r/min, the error decreases to 2.2°.
These results indicate that the proposed method can achieve a
stable startup under rated load.
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To further validate the effectiveness of the proposed acoustic
noise reduction strategy, Fig. 22 compares the sound level for
FFSI, HPS-PRSI [16], sensored control without injection, and
the proposed method. It is noted that the acoustic noise is still
evident in the experimental results without injection, which
originates from inherent sources like harmonic torque caused
by back-EMF harmonics, mechanical bearing noise, and the
drive’s cooling fans. The load is increased from 0 to 100% rated
load in 20% steps. As shown in Fig. 22, the proposed method
yields markedly lower sound levels than FFSI and HPS-PRSI,
approaching the no-injection case. Moreover, a fixed frequency
of 500 Hz produces a lower sound level than 750 Hz for FFSI,
indicating that reducing the injection frequency can lower acous-
tic noise. At 100% rated load, the proposed method reduces the
sound level by about 12.9 dBA and 6.0 dBA relative to FFSI at
750 Hz and 500 Hz, respectively, and by 3.8 dBA relative to HPS-
PRSI at 500/300 Hz. Therefore, the proposed method can reduce
acoustic noise by lowering the injection frequency to 80 Hz.

V. CONCLUSION

In this article, a PNSC decoupling and reconstruction-based
position estimation method using the LF injection method has
been proposed, which effectively reduces acoustic noise. The
CD-CCF was designed to separate the fundamental currents
and the LF excited currents without phase shift, eliminating
the position estimation error introduced by the conventional
BPF/HPF-based demodulation. A PNSC reconstruction-based
error suppression strategy was proposed to reduce the estimation
error caused by the stator resistance and mutual inductance.
Furthermore, a unified mapping between the injection frequency
and the position estimation error was established, which enables
frequency optimization and further reduces estimation error.
Compared with the LF voltage injection method, the proposed
method reduces dependence on motor parameters. Compared
with the LF current injection method, the proposed method
avoids the impact of the rotor saliency on position estimation. In
terms of noise reduction, the proposed method lowers acoustic
noise by 6.0 dBA relative to FFSI at 500 Hz and by 3.8 dBA
relative to HPS-PRSI at 500/300 Hz at 100% rated load. The ex-
perimental results show that the proposed method can effectively
reduce acoustic noise and exhibit parameter robustness.
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