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A Current Measurement Offset Error Elimination
Method Based on Signal Injection for Interior
Permanent Magnet Synchronous Motor Drives

Jinshan ZHAO, Huimin WANG, Sibo WAN, Runchan LIU, and Huanqing ZOU

Abstract—Accurate information of the measured phase current
is of high importance for interior permanent magnet synchronous
motor (IPMSM) drives. However, under the long-term effects of
electrical and thermal stress, the current sensors may suffer from
the current measurement offset errors (CMOEs), which causes
obvious speed fluctuations and torque ripples. To address this, a
current measurement offset error elimination (CMOEE) method
based on the signal injection is proposed in this paper, which en-
ables to maintain the performance of the IPMSM drives. In the
proposed CMOEE method, the effects of the CMOEs on the per-
formance of the IPMSM drives are analyzed. On the basis of this,
the details of the proposed CMOEE method are provided. Then,
considering that the response of the injected signal is extracted by
the band-stop filter, obvious amplitude attenuation and phase de-
viation are introduced into the proposed CMOEE method. With
this, the performance of the proposed CMOEE method may be
degraded. Accordingly, a simple yet effective compensation meth-
od is adopted. Consequently, the amplitude attenuation and phase
deviation are effectively compensated, ensuring the performance
of the proposed CMOEE method. Finally, experimental tests are
carried out to verify the effectiveness of the proposed CMOEE
method under different cases.

Index Terms—Amplitude attenuation and phase deviation
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I. INTRODUCTION

HE interior permanent magnet synchronous motor (IPMSM)

drive system that conforms to the concept of green and
low-carbon development has become a key development
direction of urban rail transit systems [1]-[4]. In IPMSM drive
systems, current sensors are used to measure phase current
information to achieve high-performance control. However,
due to the long-term effects of continuous operation under
high-power conditions and non-stationary conditions such as
sudden starts and stops, and variable loads, the current sensor
frequently undergoes strong electrical and thermal stress,
resulting in offset errors in the measured current, which in turn
causes adverse speed fluctuations and torque pulsations in the
IPMSM, reducing system control performance [5]-[7].

In order to ensure the performance of the IPMSM drive sys-
tem, it is crucial to adopt a high-performance CMOEE method.
Common CMOEE methods can be roughly divided into offline
suppression methods [8]-[9] and online suppression methods
[10]-[26]. The offline suppression method eliminates CMOEs
by calibrating the current sensor when the motor drive system
is not running, ensuring that its output at zero point is zero. In
[8], an offline suppression method based on least squares esti-
mation is proposed, this method analyzes the impact of current
measurement errors on the d-axis and g-axis current compo-
nents, and uses the least squares estimation method to achieve
effective estimation and compensation of current measurement
errors. The offline suppression method has the advantages of
simple principle and easy implementation, but this method
cannot cope with dynamically changing offset errors, and this
method requires a large number of calibration experiments and
has high testing costs. In addition, after long-term use of the
current sensor, changes in hardware characteristics will cause
the offset error to re-accumulate, resulting in a significant de-
crease in the performance of the offline suppression method.

The online suppression method is a method that uses con
trol or modulation strategies to achieve CMOEE under the normal
operating status of the motor drive system. Common online
suppression methods can be divided into hardware design
methods [10]-[13] and software control methods [14]-[26].
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Among them, the hardware design method eliminates the
CMOE:s by adjusting the motor drive system structure. In
[10], by changing the wiring of the current sensor and using
a high-performance current sampling method to self-correct
the current measurement value, the CMOEs can be effectively
suppressed without affecting the operation of the [IPMSM. Ad-
ditionally, in [11], a similar suppression method is adopted, and
a fixed-point sampling strategy is proposed to reduce the cur-
rent sampling error and ensuring CMOEE performance under
different working conditions. This hardware design approach
effectively suppresses CMOEs while providing enhanced re-
sistance to interference, but this method requires changing the
structure of the motor drive system, which is highly intrusive.
Moreover, this method is not adaptable enough, that is, when
this method is applied to motor drive systems with different
parameters, the hardware circuit needs to be redesigned [14].
Compared with the hardware design method, the software
control method has the advantages of high adaptability, low
intrusion, and fast response, so it is very popular in motor drive
systems. Common software control methods mainly include
harmonic filtering method [14]-[20] and observer method
[21]-[26]. Typically, CMOEs will cause specific harmonics
(such as the 1st harmonic) to appear in the direct and quadra-
ture components of the current. In this regard, the harmonic
filtering method eliminates specific harmonics by designing
filters to achieve effective filtering of CMOEs. In [15], a CMOEE
method based on an improved complex coefficient filter is pro-
posed. This method uses a motor model to replace the complex
coefficient filter, and effectively suppresses the adverse effects
of external disturbances by correcting the gain error coefficient,
thereby improving the CMOEE performance. Subsequently,
in [17], a band-pass filter is used to extract periodic ripples
caused by current measurement errors, and a low-pass filter is
used to dynamically decouple different types of current mea-
surement errors, thereby improving the suppression effect of
measurement errors. It is known that modulation strategies can
also change the harmonic distribution of motor drive systems.
Based on this, an CMOEE method based on random pulse
width modulation is proposed, which achieves self-correc-
tion of CMOEs through dynamic double sampling of current
complementary non-zero vectors in [18]. Additionally, in [19],
effective suppression of CMOEs using a hybrid modulation
strategy. This method switches continuous pulse width mod-
ulation to discontinuous pulse width modulation under differ-
ent working conditions to achieve accurate compensation of
CMOE:s. Although the harmonic filtering method can provide
good CMOEE performance, this method usually reduces the
system dynamic performance and increases the system compu-
tational burden. In addition, the use of discontinuous modula-
tion or random pulse width strategies will inevitably affect the
current quality and reduce the motor operating performance.
The observer method designs an observer based on the
mathematical model of the motor to estimate and compensate
for the CMOE:s, thereby eliminating the adverse effects of the
CMOESs. Common observers include PI observers [21], ex-
tended state observers [22]-[23], sliding mode observers [24]-

[25], Kalman filters [26], etc. In [21], a PI observer is con-
structed based on the voltage model to estimate the CMOEs.
These estimated CMOEs are then subtracted from the mea-
sured current, achieving effective compensation. Subsequently,
a CMOEE method based on an adaptive extended state observ-
er is studied in [22]. This observer exhibits second-order low-
pass filter characteristics, thereby enhancing robustness against
external disturbances and mitigating the associated degradation
in CMOEE performance. In [23], a quasi-fractional resonant
controller is introduced into the extended state observer to
enhance the estimation accuracy of the CMOEs, thereby en-
suring the CMOEE performance. Additionally, design a fast
terminal sliding mode observer to estimate and compensate for
CMOEs. In this observer, the sliding mode surface and sliding
mode control structure are carefully designed to ensure the
CMOEE performance while avoiding the adverse effects of
chattering in [25]. In [26], a novel method to suppress CMOEs
is proposed. It replaces the extended state observer with an ul-
tra-local prediction model based on a Kalman filter and applies
this model to a model-free predictive controller. This approach
aims to overcome the system performance degradation caused
by CMOEs. The observer method avoids the adverse influence
on the motor drive system, but this method is easily affected by
the change of motor parameters, and the CMOEE performance
is difficult to be guaranteed.

In summary, this paper studies a CMOEE method based on
signal injection. This method does not change the structure of
the IPMSM drive system and is less intrusive. Moreover, this
method does not require the participation of motor parameters
and can avoid the adverse effects of changes in motor param-
eters. Section I begins by analyzing the impact of CMOEs on
the performance of the IPMSM drive system. On this basis,
Section II introduces the studied CMOEE method in detail
and conducts performance analysis. The analysis results show
that in the method studied, using a band-pass filter to extract
the injected signal response will bring about amplitude atten-
uation and phase deviation, which will affect the suppression
performance of the CMOEs. Subsequently, Section III pres-
ents a simple yet effective compensation method to address
amplitude attenuation and phase deviation. This compensation
is designed to ensure the reliable performance of the studied
method. Then, in Section IV, a small-power IPMSM drive system
experimental platform is built to experimentally verify the per-
formance of the studied method under different working con-
ditions. Finally, in Section V, the full text is summarized and
conclusions are drawn.

II. ANALYSIS OF THE INFLUENCE OF CMOESs

In order to facilitate a clear presentation of the proposed
CMOEE method, this chapter first analyzes the impact of
CMOEs on the performance of the IPMSM drive system.

In a typical [IPMSM drive system, two current sensors are
often used to collect phase-A and phase-B current information
to achieve high-performance control. Taking phase-A current
as an example, the impact of CMOEs on the performance of
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the IPMSM drive system is analyzed. When the phase-A cur-
rent sensor has a CMOEgs, it can be expressed as:

=i, +1, =1 sin(owt)+1, )]

lsam

where i, iy, Ly, I, and o are the measured phase-A cur-
rent (the phase-A current containing the CMOESs), the actual
phase-A current (the phase-A current free of CMOEs), the
CMOEs, the amplitude of the actual phase-A current, and the
frequency, respectively.

Subsequently, according to the coordinate transformation, it
can be expressed as:

1 0
isdm 005(9 ) Sin(a ) isaxn
i sin(6.) cos(6,) ! 2 @
e BB
where i, iym, 6, and i, are the d-axis and g-axis current com-
ponents considering the influence of CMOEs, the rotor posi-
tion, and the actual phase-B current (the phase-B current free

of CMOEs), respectively.
Substituting (1) into (2) entails:

Isam = Lsd + Alsd
i .

=iy, +Ai, ®)

sgm

where i, i, Al and Ai,, are the actual d-axis and g-axis cur-
rent components (the d-axis and g-axis current components
free of CMOESs) and the current pulsations caused by the
CMOEs, respectively, and it holds that:

Aig, = &Idc sin(6, +§)
2\3

b
Ai, =——1, cos(6. +—
3 dc (r 3)

Q)

sq

According to (3), the motor torque considering the influence
of CMOEs is calculated as follows.

T =20, Wil Ly ~ L)) =T 4AT, (5)
where T, n,, y, Ly, L, and AT, are the motor torque consider-
ing the influence of CMOEs, the number of pole pairs, the per-
manent magnet flux linkage, the d-axis inductance, the g-axis
inductance, and the torque pulsation caused by the CMOEs,
respectively, and it holds that:

AT, = 3n S AL+ (ALi, + Al

:d sq sq sd

+Ai Al (L, —L,)](6)

In addition, the motion equation of the IPMSM can be ex-
pressed as:

J dao,,
I =4 (7)

where 71, J, and w,,, are the load torque, the moment of inertia,

and the motor speed considering the influence of CMOEs, re-
spectively.

With (5), (6) and (7), the speed fluctuation caused by the
CMOE:s can be obtained as:

ATn

Aw=0,, -0, J ®)
where Aw is the speed fluctuation caused by CMOEs.

In summary, it can be concluded that the CMOE:s introduces
significant pulsations in the d-axis and g-axis current compo-
nents, which in turn causes torque pulsation and speed fluctua-
tion in the IPMSM, thereby degrading the performance of the
IPMSM drive system.

III. CMOEE METHOD BASED ON SIGNAL INJECTION

In order to reduce the adverse impact of CMOEs on the
performance of the IPMSM drive system, this chapter studies a
CMOEE method based on signal injection to ensure the perfor-
mance of the [PMSM drive system.

A. Design Ideas of CMOEE Method

As illustrated, the phase current signal i, containing the bias
error is first multiplied by two high-frequency signals i, and
i With an injection frequency of ), and a phase difference of
90°, yielding intermediate variables X and Y that contain three
frequency components: @ + w,, @ — wy, and w. Subsequently,
these two intermediate variables are processed through band-
stop filters to eliminate the harmonic component at frequency
w,, resulting in M and K. Finally, M and K are subjected to a
second operation with the injected high-frequency signals and
then summed, thereby extracting the current information free
from bias errors.

If the injected signal is a pure string signal with an amplitude
of 1, there are:

{iha = cos(wyt) o

ihB = Sin(wht)

where i, i, and o, are the injected high-frequency signal and
the frequency of the injected signal, respectively.
Subsequently, it can be expressed as

X =igmihg = [ sin(wt) + 1, Jcos(wyt)

10
= %Im [sin(@ + o))t +sin(w — wy)t]+ 1 4, cos(wyt) (10)

Y =i ming =1, sin(ot) + 14 ]sin(wyt)

11)

1 .
= 5 1, [cos(w— w, )t —cos(w + @, )t]+ 14, sin(wyt)

where X and Y are intermediate variables, and both X and Y
contain three frequency components, namely the components
at frequency (o + w,), frequency (o — w,), and frequency w,.

After processing X and Y with a band-stop filter to remove
the component at frequency w,, it can be expressed as:
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Fig. 1. Block diagram of the proposed CMOEE method based on signal injection.
1 . .
M =BSF (X) = Elm[sm(a) + )t +sin(w —wy)t] (12)

K =BSF(Y)= %Im [cos(w— @y )t —cos(w+ wy)t]  (13)

where M and K are intermediate components.
With (9), (12) and (13), it is obtained that:

1 . .
Mi,, = 5 1 [sin(@w+ w,)t +sin(w — o, )t]cos(w,t)

m (14)
]

i 2 in(w—2
_ l[ [sm(a)+ )t + sin(er) + sin(w — 2w, )t

2" 2 2

Ki, = %Im[cos(a) — o)t —cos(w+ w,)t]sin(w,t)
(15)
]

sinw, — w)t : sinw, + o)t
2 2

= %Im[sin(a)t) +

According to (14) and (15), it is obtained that:
M, + Kz'hﬁ
_ llm[sin(a) +2m))t + sin(ar) + sin(w —2w))t
2 2 2
sinQw, —w)t sin(2w, + w)t
2 2

loges =

1+

(16)
]

1 I [sin(et) +
2
=1, sin(wt)

Seen from (16), by using the injected signal and the measured
current signal, the CMOE:s can be effectively suppressed. The same
approach can be used for phase-B current sensors for CMOEE.

B. Band-Stop Filter Based on Second-Order Generalized Inte-
grator

In the proposed method, the band-stop filter is employed to
eliminate the component at frequency w,, which is crucial for
ensuring the performance of CMOEE. Therefore, this chapter
investigates a band-stop filter based on the second-order general-
ized integrator (SOGI) to remove the component at frequency w;,.

As shown in Fig. 2, the SOGI can estimate the input signal
and generate an orthogonal signal with a 90° phase offset from
the input signal [27]. Based on this characteristic, SOGI are
widely used in converter systems and motor drive systems [28].
It can be seen from Fig. 2 that the transfer functions of different
input signals can be expressed as:

Fig. 3. Block diagram of the second-order generalized integrator-based band-
stop filter.

i I'o's
D(s)=r=—"P% 17
) i, s+lo's+o” (a7

2
S

S+ To's+ 0"

0(s) = L -
1

v

(18)

where i, 1:, qfv, I, and o' are the input signal, the estimated sig-
nal of the input signal, the estimated orthogonal signal of the
input signal, the gain and resonance frequency of the SOGI,
respectively.

From (17) and (18), it can be observed that D(s) and Q(s)
represent a second-order bandpass filter and a second-order
lowpass filter, respectively. According to the characteristics of
the band-stop filter, it follows that:

sS+o”

H(s)=1-D(s) = (19)

sSS+To's+o"

According to (19), the band stop filter based on the SOGI
can be obtained, as shown in Fig. 3. Subsequently, the ampli-
tude-frequency characteristics and phase-frequency character-
istics of the band-stop filter can be expressed as:

) |a)12 _w2 |
H =
() \/(a)'2 -0’ ) +(lo'w)’ (20)
ZH(jow) = —arctan(%) Q1)

When the resonant frequency of the SOGI is equal to the
frequency of the injected signal, it is obtained that:

o'=w, (22)
Substituting (22) into (20) entails:

) |w2_w2‘
H(jo,) = ——————==0 23)
J(@ — o) +(T'o})
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Fig. 4. Bode diagram of the second-order generalized integrator-based band-
stop filter

According to (23), after applying the band-stop filter based
on the SOGI, the amplitude of the component at frequency w,
is zero, which indicates that the SOGI-based band-stop filter
can effectively eliminate the component at frequency w,,.

Subsequently, based on (19), the Bode plot of the band-stop
filter based on the SOGI is plotted as shown in Fig. 4. It can be
observed from Fig. 4 that under the action of the band-stop fil-
ter, the amplitude of the component at frequency w, is signifi-
cantly reduced, thereby ensuring the performance of CMOEE.

TV. PERFORMANCE ANALYSIS AND SPECIFIC IMPLEMENTATION
CMOEE MEtTHOD

A. Analysis of the Influence of Band-Stop Filter on CMOEE Method

As shown in Fig. 1, X'and Y contain three frequency compo-
nents: the component at frequency (w + ,), the component at
frequency (w — w,), and the component at frequency w,. After
processing through the band-stop filter, the component at wh
is effectively suppressed. However, the filter also introduces
significant amplitude attenuation and phase deviation to the
other two components, namely (@ + @,) and (o — w,). These
distortions directly impair the accuracy of subsequent signal
processing and, more specifically, degrade the performance of
the CMOEE method studied in this work. Therefore, this sec-
tion provides a detailed analysis of the influence mechanism
and extent of the band-stop filter on the proposed method.

After considering the influence of the band-stop filter and
combining (12), (13), and (20), the amplitudes of the (v + w,)
and the (w — w,) are calculated as:

| a)hz _(a)h +a))2 |

Jlo] = (0, +0) T +[To,(0, + )]

Hlj(o, +®)] =

> (24

| wh2 _(a’h _a))2 |
\/[a)h2 —(w, - a))2 ]2 +[l'o (0, -0)]

H[ j(w, —w)] = = (25)

Considering the effect of band-stop filter phase deviation: it
we obtain:

M5 =3 L@, - 0)lsinl(0- oyt + gy 1+
(26)

m

%I H[ j(o, +o)]sin[(w+ o)t + ¢, ]

Without the With the
CMOEs CMOEs

>l » I
Ly »|€
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Fig. 5. Performance of the proposed method without amplitude attenuation and
phase deviation compensation. (a) Stator current. (b) Motor torque.

Ky =2 1, HI (0, - @)]cosl(@— o) + 0,1
: @7)
51 H[ j(wy,+ w)]cos[(w+ wp)t + ¢, ]

m

where My, Ky, ¢, and ¢, are the intermediate component that
considers the influence of the band-stop filter and the phase de-
viation caused by the band-stop filter, respectively, as given by:

"oy (0, — w)

@, = arctan[ ] 28
1 0" =20,0 @8
oy (o,+ o
©y = arctan[h(—hz)] (29)
20,0+ @

After using the same method, there is:
. . . 1 . .
Laes BS™ My, +KBSlh|3 =—1 H[ j(o,~ w)]sin(wt + ¢ )+
2
| (30)
S L Hli(0, +@)lsin(@i +¢,)

According to (30), although the band-stop filter based on the
SOGI can remove the component at frequency w,, it introduces
significant amplitude attenuation and phase deviation to the
components at frequencies (@ + w,) and (@ — ), thereby de-
grading the suppression performance for CMOEs.

Simulations were conducted to investigate the impact of the
band-stop filter on the proposed method, with the test results
shown in Fig. 5. As observed from Fig. 5, when CMOE:s is
introduced into the current sensor, noticeable pulsations oc-
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cur in the d-axis and g-axis current components as well as in
the motor torque, thereby degrading the performance of the
IPMSM drive system. Although the proposed method reduces
current and torque pulsations to some extent, the suppression
performance of CMOEs remains insufficient to meet system
requirements due to the amplitude attenuation and phase devia-
tion introduced by the band-stop filter.

B. Amplitude Attenuation and Phase Deviation Compensation

From the analysis in the previous section, it is known that
the band-stop filter based on the SOGI introduces significant
amplitude attenuation and phase deviation, thereby affecting
the performance of the proposed method. To address this, a
simple yet effective amplitude-and-phase compensation strat-
egy is employed to mitigate these distortions, thereby ensuring
the reliable performance of the proposed method under various
operating conditions.

Let the injected signal frequency be equal to the stator cur-
rent frequency, it is given by:

W= o @31
Substituting (31) into (24), (25), (28), and (29) :

| (0112 B (wh B w)z |
\/[wh2 (o, - a))2 ]z +l o (o, - a))]z (32
=1

H[j(o,~ 0)]=

o’ — (0, +0) |

HI j(@,+0)] = —— = 2
Jlo} (0, + 0} F +[To,(0, + )]
(33)
B 3
N9+4r7
TIo, (0, — )
Q= arctan[zh—h] =0 (34)
0" -20,0
o, (0, + o) 2r
@, = arctan[ ——"——~] = arctan(—) 35
? 20,0+ ©° 3 (35)
With (30), (32), (34), and (35), it is obtained that:
isacsiBS = MBS iha + KBSihB
1 . 1 3 . (36)
=—1 sin(ot) + =1, ——=sin(wt +,)
2 2" Jorar ’

According to the auxiliary angle formula of trigonometric
functions, (36) can be expressed as:
1 .
isaesiBS = 5 Ime S]n(a)t + é’) (37)

where H, and { represent the amplitude attenuation and the
phase deviation, respectively, and it holds that:

3 2 3 . 2
H = [+ ——— )] A [— X 38
U e e

3 .
- ——sin(p,)
N9+4I 1
1+ 3 cos(,)
N9+4r7?

According to (38) and (39), I" and ¢, are fixed, making H,
and { constant as well. This means that when the injected signal
frequency matches the stator current frequency, the amplitude
attenuation and phase deviation caused by the SOGI-based
band-stop filter are constant.

To compensate for the amplitude attenuation caused by the
band-stop filter, it is obtained that:

¢ = arctan[

(39)

H, =— (40)

For the phase deviation caused by the band-stop filter, a
method based on signal delay is used to compensate it. Accord-
ing to (39), the signal delay time can be calculated as:

3 .
vl sin(¢, ) ]

1+$COS(¢2)
\/9+4F2 (41)
10}

arctan[

where 7 represents the signal delay time.
Assuming the system sampling period is 7, the number of
delay cycles required can be expressed as:

t_ ¢

N = T = To (42)

According to (40) and (42), an effective compensation for
amplitude attenuation and phase deviation can be achieved.

Subsequently, the compensation method was verified, and
the test results are shown in Fig. 6 and Fig. 7. In Fig. 6, with
the load and CMOEs set to 3 N-m and 1 A respectively, and the
speed command varied as 200 r/min—400 r/min—200 r/min,
the results show that the adopted method effectively compen-
sates for amplitude attenuation and phase deviation (see Fig.
6(a) and Fig. 6(b)), enabling the estimated current to accurately
track the actual current (see Fig. 6(c), Fig. 6(d), and Fig. 6(e)).

Additionally, the efficacy of the compensation method was
further examined under dynamic load variations. As illustrated
in Fig. 7, with a constant speed command of 300 r/min and
CMOE:s set to 1 A, the load torque was varied in a sequence
of 3 N'm — 6 N'm — 3 N-m. The results clearly demonstrate
that the adopted compensation strategy maintains robust per-
formance in this scenario, effectively correcting both ampli-
tude attenuation and phase deviation induced by the band-stop
filter despite the changing load conditions. Consequently, the
estimated current successfully mitigates the signal distortions
introduced by the filter, providing precise and reliable current
feedback. This accurate current information is crucial, as it
directly ensures the consistent and reliable performance of the
CMOEE process across diverse operational profiles.
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C. Specific Implementation of the Studied CMOEE Method

According to the above analysis, the concrete implementation
of the studied CMOEE method is depicted in Fig. 8. As shown
in the figure, the scheme requires only two band-stop filters
combined with a concise compensation mechanism, resulting
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in a simple and clear overall structure. This design is not only
easy to implement but also features a low computational burden.

More importantly, the proposed method suppresses the
CMOE:s in the natural coordinate system (the abe-frame),
without requiring any motor parameters, thereby avoiding the
adverse effects caused by variations in motor parameters.

To verify the performance of the proposed method under
motor parameter variations, simulations were conducted, with the
test results shown in Fig. 9. In Fig. 9, the speed command, load,
and CMOEs are set to 200 r/min, 3 N-m, and 1 A, respectively.
Additionally, the stator resistance is increased from 1.8 Q to 3.6 Q

Inverter for
IPMSM

Fig. 10. Experimental set-up of the interior permanent magnet synchronous
motor drives.

TABLE I
PARAMETERS OF THE EXPERIMENTAL SET-UP OF THE IPMSM DRIVES

Parameter Value Parameter Value
Rated power (kW) 3 Rated voltage (V) 380
Rated current (A) 6 Stator resistance (£2) 1.8
d-axis inductance (mH) 38  g-axis inductance (mH) 142
Pole pairs 2 Inertia (kg-m?) 3.13

and then decreased back to 1.8 Q. As can be seen from Fig. 9,
when the stator resistance changes, the current estimation per-
formance remains unaffected, thereby ensuring the CMOEE
capability of the proposed method. This indicates that, since the
proposed method does not rely on motor parameters, it exhibits
strong robustness against variations in motor parameters.

V. EXPERIMENTAL TEST VERIFICATION

A. Experimental Test Bench

To further validate the performance of the proposed CMOEE
method, a low-power IPMSM drive system experimental platform
was constructed for testing. The experimental setup is shown
in Fig. 10. As illustrated, the platform consists of a test motor
(3 kW IPMSM), a load motor (3.3 kW induction motor), in-
verters (DZ-dAC), a DC power source (Chroma 62180D-600),
a DSP controller (TMS320F28335), a communication relay
board, an oscilloscope, and other components. The test motor and
the load motor are coupled via a flywheel. Two separate inverters
supply power to the test motor and the load motor, respectively.
Meanwhile, the communication relay board is used for serial
communication to acquire experimental data and transmit it to
the host computer. Furthermore, the parameters of the IPMSM
drive system experimental platform are listed in Table I.

B. Current Estimation Performance

Experiments were conducted to investigate the current esti-
mation performance of the proposed method. As shown in Fig,
11, the speed command, load, and CMOEs are set to 300 1/
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min, 3 N-m, and 1 A, respectively. According to the test results,
under these operating conditions, when the proposed method
does not incorporate amplitude and phase compensation, the
estimated current exhibits noticeable deviation from the actu-
al current, thereby degrading the CMOEE performance (see
Fig. 11). In contrast, after introducing the amplitude and phase
compensation into the proposed method, the estimated current
effectively tracks the actual current, indicating that with com-
pensation, the proposed method provides satisfactory current
estimation performance and ensures reliable CMOEE.
Subsequently, experiments were carried out to validate the
current estimation performance of the proposed method under
varying load conditions, with the test results shown in Fig. 12.
In Fig. 12, the load varies from 3 N-m to 6 N-m and then back
to 3 N'm, while the speed command and CMOEs are set to
200 r/min and 1 A, respectively. As can be observed from Fig,
12, under these conditions, the proposed method exhibits satis-
factory current estimation performance and dynamic response.
Finally, considering that CMOEs may vary during actual
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Fig. 14. Performance of the IPMSM drives with the proposed method under
speed command variations. (a) The motor speed. (b) d-axis and g-axis current
component. (¢) The zoom-in 1. (d) The zoom-in 2.

motor operation, which could potentially affect the perfor-
mance of the proposed method, this study further validates the
current estimation capability of the approach under dynamic
CMOE:s variations through experimental tests. The results are
shown in Fig. 13, where the CMOEs is stepped sequentially
from 1 A to 1.5 A and back to 1 A. The experimental data
demonstrate that the proposed method maintains excellent cur-
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Fig. 15. Performance of the IPMSM drives with the proposed method under
load variations. (a) The motor speed. (b) d-axis and g-axis current component. (c)
The zoom-in 1. (d) The zoom-in 2.

rent estimation performance even when the CMOEs changes.
This characteristic ensures the robustness of the method in
practical applications, as it does not rely on a fixed ideal pa-
rameter. Therefore, even if the CMOEs fluctuates during motor
operation, the proposed method can still provide accurate and
reliable current estimation, thereby effectively ensuring the
CMOEE performance and enhancing the overall stability and
reliability of the control system.
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Fig. 16. Performance of the IPMSM drives with proposed method under
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C. IPMSM Drive System Using the Studied Method

Subsequently, experimental tests were conducted to eval-
uate the performance of the IPMSM drive system using the
proposed method. First, the performance of the IPMSM drive
system under varying speed commands was experimentally
validated. Under this operating condition, the speed command
varied from 200 r/min to 400 r/min and then back to 200 1/
min. The test results are shown in Fig. 14. As depicted, when
CMOE:s is present in the IPMSM drive system, significant pul-
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Fig. 17. Performance of the IPMSM drives with the proposed method when two
current sensors suffer from CMOE:s. (a) The motor speed. (b) d-axis and g-axis
current component. (¢) The zoom-in 1. (d) The zoom-in 2.

sations occur in the d-axis and g-axis current components, de-
grading the control performance of the drive system. However,
after applying the proposed method, the pulsations in the d-axis
and g-axis current components are effectively suppressed,
significantly mitigating the adverse effects of CMOEs on the
IPMSM drive system. Moreover, with the proposed method,
the system maintains good dynamic response even under vary-
ing speed command conditions.
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Subsequently, the performance of the IPMSM drive system
under varying load conditions was investigated, with the test
results shown in Fig. 15. In Fig. 15, the speed command is set
to 200 r/min, and the load is increased from 3 N'm to 6 N-m
and then reduced back to 3 N-m. According to the test results,
under varying load conditions, the proposed method also pro-
vides satisfactory CMOEE performance and maintains good
dynamic response.

During motor operation, variations in CMOEs may affect
the performance of the proposed method. To evaluate the
IPMSM drive system under varying CMOEs conditions, ex-
periments were conducted, with results presented in Fig. 16.
In this test, the CMOE:s increased from 1 A to 1.5 A and then
returned to 1 A. As shown, even under changing CMOE:s, the
proposed method still achieves effective CMOEE, ensuring
reliable operation of the IPMSM drive system.

In a typical IPMSM drive system, two current sensors are
usually used to obtain current information. Therefore, during
motor operation, both current sensors may be affected by
CMOEs simultaneously. To this end, experiments were used
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Fig. 19. Performance comparison of g-axis component between the Pl-type
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to explore the performance of the [IPMSM drive system when
two current sensors are affected by CMOE:s at the same time.
The test results are shown in Fig. 17.

In Fig. 17, the CMOEs of the phase-A and phase-B current
sensors are set to 1 A and 1.5 A, respectively. The test results
indicate that when both current sensors are affected by CMOEs
simultaneously, the d-axis and g-axis current components ex-
hibit even greater pulsations. Nevertheless, the proposed meth-
od is still capable of overcoming the adverse effects caused by
the CMOEs.

D. Performance Comparison With CMOEE Method Based on
Type PI Observer

Finally, to validate the performance of the proposed method, a
comparative evaluation was conducted against the PI-observer-
based CMOEE method [21]. The experimental results are pre-
sented in Fig. 18 and Fig. 19. Under these test conditions, the
stator resistance was varied from 1.8 Q to 3.6 Q and then back
to 1.8 Q. As shown in the figures, when the stator resistance
changes, the performance of the PI-observer-based method de-
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teriorates, which is manifested as significant pulsations in the
d-and g-axis current components. This consequently degrades
the performance of the IPMSM drive system. This decline oc-
curs because the method is designed based on a motor model;
when motor parameters vary, its CMOEE capability is notably
compromised. In contrast, since the proposed method does not
involve motor parameters, its CMOEE performance remains
unaffected even under motor parameter variations.

Subsequently, a comparative analysis of the computation-
al burden between the PI-observer-based CMOEE method
and the proposed method was conducted, with the test results
shown in Fig. 20. As can be observed from the figure, the com-
putation time of the PI-observer-based method is 10.4576 ps,
whereas that of the proposed method is only 6.3984 ps. This
indicates that the proposed method imposes a lower computa-
tional burden and is easier to implement.

In summary, the proposed method can effectively suppress
CMOEs under various operating conditions. Additionally, it is
capable of overcoming the adverse effects caused by motor pa-
rameter variations and exhibits a lower computational burden.

V. CoNCLUSION

The issue of CMOEs can induce estimation inaccuracies and
provoke torque ripples, thereby severely degrading the per-
formance of IPMSM drive systems. To address this issue, this
paper proposes a CMOEE method based on high-frequency
signal injection. The method begins by analyzing the mecha-
nism through which CMOEs affect system performance. Sub-
sequently, it elaborates on the technical approach for CMOEE,
which involves injecting specific signals and utilizing a band-
stop filter constructed from a SOGI. To address the resultant
amplitude attenuation and phase deviation introduced by the
filter, a simple yet effective compensation strategy is further in-
troduced, ensuring the reliability of the CMOEE performance.
Finally, a low-power experimental platform was established to
validate the effectiveness of the proposed method under vari-
ous operating conditions. Experimental results demonstrate that
the proposed method can effectively suppress various CMOEs
without altering the drive system structure and without requir-

ing motor parameter information. It is characterized by simple
implementation, low computational burden, and strong robust-
ness, providing a practical solution for CMOEE and enhancing
the anti-interference capability of IPMSM drive systems.
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