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Abstract—The second-order generalized integrator (SOGI) is
widely applied for current harmonics suppression of interior per-
manent magnet synchronous motors (IPMSMs). However, SOGI is
single-degree of freedom and exists a tradeoff issue between the dy-
namic convergence response and the stable convergence precision.
Thus, the final performance of current harmonics suppression is
influenced. In order to address this issue, a cross-decoupled current
harmonics suppression method based on notch filter and SOGI
(NF-SOGI) is proposed. First, according to the opposite character-
istics of SOGI and NF, SOGI is applied to extract the target current
harmonic, while NF is applied to extract all the nontarget current
harmonics, and thus, the target current harmonic is decoupled with
the nontarget ones. Second, through the cross-link between SOGI
and NF, NF-SOGI is reconstructed as double-degree of freedom,
and there are two coefficients to cope with the tradeoff issue, and
thus, the convergence precision can be improved under the same
convergence rate. Therefore, the suppression performance of cur-
rent harmonics is enhanced. Finally, the effectiveness of the pro-
posed scheme is validated on a 17.26-kW IPMSM drive platform.

Index Terms—Current harmonics suppression, interior
permanent magnet synchronous motors (IPMSMs), notch filter
(NF), second-order generalized integrator (SOGI).

I. INTRODUCTION

INTERIOR permanent magnet synchronous motors
(IPMSM) have been widely used in industrial applications

and household electrical appliances. It has various advantages
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such as high power density, high efficiency, good speed
regulation performance, and compact structure [1], [2]. In recent
years, IPMSM control system has been strictly required in the
application of high-precision and high-efficiency fields [3].
However, the inverter of IPMSM control system has nonlinear
characteristics caused by dead time and voltage drop, which
introduce the time harmonics into the closed current loop of
PMSM [4], [5]. Meanwhile, the flux spatial harmonics caused by
cogging effect and magnetic saturation effect are also introduced
into the closed current loop of PMSM [6], [7], [8]. The above
two kinds of current harmonics lead to torque ripple, vibration,
and noise during the motor operation, which reduce the stability
of IPMSM control system and strictly restrict the application
of IPMSM in high-precision fields [9], [10], [11], [12], [13].
Therefore, in order to extend the motor life, improve the torque
quality, and reduce additional energy loss, it is necessary to
suppress the current harmonics in the closed loop control of
PMSM.

The recently researches on current harmonics suppression
methods can be divided into two categories. As for the flux
spatial harmonics, the related suppression methods are mainly
applied to optimize the motor design, such as the stator shape
optimization, the windings distribution modification, and the
installation position adjustment of permanent magnets, the in-
fluence of cogging effect and magnetic saturation effect on
stator current can be reduced. As for the time harmonics, the
related suppression methods are mainly applied to optimize the
control schemes. The dead-time and voltage drop are regarded
as disturbances and observed through extended state observer,
and the disturbances are eliminated by nonlinear proportional-
integral-derivative (PID) controller [14], [15], [16]. The most
widely suppression method is based on harmonics voltage in-
jection [17], [18], [19], [20] and adaptive filter [21], [22], [23].
In [21], aiming at the first and second harmonics caused by
the current sensor measurement, the harmonics are eliminated
through the adaptive-frequency harmonic suppression strategy
based on the vector reconstruction. In [22], in order to reduce
the torque ripples caused by harmonic currents, the harmonic
currents are estimated through adaptive filter and eliminated
through harmonic current controller. In [23], account for non-
sinusoidal back electromotive force, the current harmonics are
suppressed by a self-tuning compensation voltage through an
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adaptive linear neuron. In these current harmonics suppression
methods above, they have a good suppression effect on current
harmonics. However, the observer is constructed with complex
mathematical model, the repeated coordinate transformations
increase the calculation amount of the system, and the adaptive
filters applied in the current harmonics extraction exists the
tradeoff issue because of the step sizeμ. At present, second-order
generalized integrator (SOGI) is gifted with simple mathematic
model and it has been widely applied in power grid and motor
control [24], [25], [26], [27], [28], [29], [30], [31]. In [24],
SOGI is applied to estimate the accurate parameters of grid
voltage under unbalanced and distorted grid conditions. In [25],
a fast estimation method of voltage harmonics is introduced
into frequency locked loop based on SOGI, and the proposed
method can achieve high levels of power quality. In [26], a
cascade multiple SOGIs are used to extract the first-order and
second-order harmonics caused by offset error and scaling error.
In [30], SOGI is adopted to extract the current harmonics in
IPMSM sensor-less drives system, in order to eliminate the error
in the position estimation. In [31], a flux estimation method
based on SOGI is proposed without the phase lag and amplitude
attenuation at the resonant frequency, and the shortcomings of
flux observer based on low-pass filter are overcome. However,
the performance of SOGI are closely associated with the internal
factor and the external factor. As the internal factor, traditional
SOGI has only proportionality coefficient m, which is a tradeoff
between the convergence rate and the convergence precision, so
that SOGI is single-degree of freedom, and the dynamic conver-
gence response and the stable convergence precision cannot be
improved at the same time. Meanwhile, as the external factor,
the target current harmonic is coupled with the nontarget current
harmonics in SOGI, which deteriorates the convergence preci-
sion of target current harmonic. Therefore, the tradeoff issue
and the coupled issue affect the final suppression performance
of current harmonics.

In order to address the tradeoff issue and the coupled issue,
a cross-decoupled current harmonics suppression method based
on notch filter and SOGI (NF-SOGI) is proposed in this article.
In NF-SOGI, utilizing the opposite characteristics of SOGI and
NF in the same central frequency, SOGI is applied to extract the
target current harmonic, while NF is applied to extract the non-
target current harmonics, and thus, the target current harmonic
is decoupled with the nontarget ones in NF-SOGI. Through the
cross-link between SOGI and NF, the proposed NF-SOGI is
reconstructed as double-degree of freedom. In details, there are
two proportionality coefficients to cope with the tradeoff issue
of parameter, the proportionality coefficient m is firstly set to
guarantee the dynamic convergence, and then the proportion-
ality coefficient k improves the stable convergence precision.
Thus, both dynamic convergence rate and stable convergence
precision can be adjusted at the same time. Therefore, more
precise target current harmonic can be rapidly convergent, so
that the suppression performance of target current harmonics is
enhanced and verified by the stator current waveforms and fast
Fourier transformation (FFT) analysis of stator current in the
closed current loop.

The rest of this article is organized as follows. In Sec-
tion II, the current harmonics model of IPMSM is established.
In Section III, the principles of SOGI is introduced, and the
current harmonics suppression based on SOGI is analyzed. In
Section IV, a cross-decoupled current harmonics suppression
method based on NF-SOGI is proposed, the convergence perfor-
mance of current harmonics is verified through bode diagrams
and simulation, and the stability is analyzed through Nyquist
criterion, and the parameters design is discussed based on
the amplitude-frequency response. In Section V, the proposed
method is verified by experimental results. Finally, Section VI
concludes this article.

II. CURRENT HARMONICS MODEL OF IPMSM

IPMSM control system is a complex system because of its
nonlinear, multivariable, and strongly coupled characteristics.
The mathematical model of IPMSM can be transformed to d-q
synchronous rotating coordinate frame to facilitate the model
analysis. In this article, IPMSM is considered as an ideal struc-
ture, hence, flux linkage harmonics can be neglected. The voltage
equations of IPMSM are shown in

{
ud = Rsid + Ld

did
dt − ωLqiq

uq = Rsiq + Lq
diq
dt + ωLdid + ωψf

(1)

where ud and uq are d-axis and q-axis components of stator
voltage, respectively; id and iq are d-axis and q-axis compo-
nents of stator current, respectively; Ld and Lq are d-axis and
q-axis components of stator inductance, respectively; Rs is stator
resistance; ω is electric angular velocity; ψf is flux linkage of
permanent magnets.

The stator windings of IPMSM are mainly connected with star
connection in the actual motor control system, and the windings
are distributed symmetrically in the ideal condition. Therefore,
there is no 3n-order (n= 1, 3, 5 …) and even-order stator current
harmonics, and the phase difference between stator current
harmonics is 2nπ/3. The current harmonics can be expressed
in ⎧⎨

⎩
ian = inth cos(nωt+ θn)

ibn = inth cos(nωt− 2
3π + θn)

icn = inth cos(nωt+
2
3π + θn)

(2)

where ian, ibn and icn are n-order stator current harmonics of
a-phase, b-phase and c-phase, respectively; inth is the amplitude
of n-order stator current harmonic; θn is the initial phase of
n-order stator current harmonic.

In (2), the stator current harmonics are (6n±1)-order (n= 1, 2,
3 …), and the content of stator current harmonics are decreased
with the increase order of current harmonics, so that low-order
stator current harmonics have much more content than high-
order stator current harmonics. Thus, the main stator current
harmonics are 5th, 7th, 11th, and 13th stator current harmonics,
and they are considered as the suppression target, so that the
stator current of IPMSM including 5th, 7th, 11th, and 13th stator
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current harmonics can be expressed in

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ia = i1th cos(ωt+ θ1) + i5th cos(5ωt+ θ5)

+ i7th cos(7ωt+ θ7) + i11th cos(11ωt+ θ11)

+ i13th cos(13ωt+ θ13)

ib = i1th cos(ωt+ θ1 − 2π
3 ) + i5th cos(5ωt+ θ5 − 2π

3 )

+ i7th cos(7ωt+θ7 − 2π
3 )+i11th cos(11ωt+ θ11 − 2π

3 )

+ i13th cos(13ωt+ θ13 − 2π
3 )

ic = i1th cos(ωt+ θ1 +
2π
3 ) + i5th cos(5ωt+ θ5 +

2π
3 )

+ i7th cos(7ωt+θ7+
2π
3 ) + i11th cos(11ωt+ θ11 +

2π
3 )

+ i13th cos(13ωt+ θ13 +
2π
3 )

(3)
where i1th, i5th, i7th, i11th, and i13th are amplitude of fundamen-
tal current, 5th, 7th, 11th, and 13th stator current harmonics,
respectively; θ1, θ5, θ7, θ11, and θ13 are initial phase angle
of fundamental current, 5th, 7th, 11th, and 13th stator current
harmonics, respectively.

Under the constraint condition of constant amplitude, the
stator currents in (3) are transformed to d-q synchronous ro-
tating coordinate frame in (4). Through the Clarke and Park
transformation, 5th and 7th stator current harmonics in iabc are
transformed to sixth current harmonics in idq, and 11th and 13th
stator current harmonics in iabc are transformed to 12th current
harmonics in idq. Except for dc components, 6th and 12th current
harmonic have the most content in id and iq, and cause the
biggest damage to the motor performance among all the current
harmonics. Therefore, 6th and 12th current harmonic are chosen
as the suppression target. The current equations including 6th
and 12th current harmonic are shown in

⎧⎪⎪⎨
⎪⎪⎩
id = i1th cos θ1+i5th cos(−6ωt+ θ5) + i7th cos(6ωt+ θ7)

+ i11th cos(−12ωt+ θ11) + i13th cos(12ωt+ θ13)

iq = i1th sin θ1 + i5th sin(−6ωt+ θ5) + i7th sin(6ωt+ θ7)

+ i11th sin(−12ωt+ θ11) + i13th sin(12ωt+ θ13).
(4)

Combine (4) into (1), the voltage equations including 6th and
12th current harmonic can be obtained in

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ud = Rsi1th cos θ1 − ωLqi1th sin θ1
+(6ωLd − ωLq)i5th sin(−6ωt+ θ5)
+Rsi5th cos(−6ωt+ θ5)
− (6ωLd + ωLq)i7th sin(6ωt+ θ7)
+Rsi7th cos(6ωt+ θ7)
+(12ωLd − ωLq)i11th sin(−12ωt+ θ11)
+Rsi11th cos(−12ωt+ θ11)
−(12ωLd + ωLq)i13th sin(12ωt+ θ13)
+Rsi13th cos(12ωt+ θ13)

uq = Rsi1th sin θ1 + ωLdi1th cos θ1 + ωψf

−(6ωLq − ωLd)i5th cos(−6ωt+ θ5)
+Rsi5th sin(−6ωt+ θ5)
+(6ωLq + ωLd)i7th cos(6ωt+ θ7)
+Rsi7th sin(6ωt+ θ7)
−(12ωLq − ωLd)i11th cos(−12ωt+ θ11)
+Rsi11th sin(−12ωt+ θ11)
+ (12ωLq + ωLd)i13th cos(12ωt+ θ13)
+Rsi13th sin(12ωt+ θ13).

(5)

Fig. 1. Structure diagram of typical SOGI.

Fig. 2. Bode diagram of GSOGI_BF(s).

III. CURRENT HARMONICS SUPPRESSION METHOD

BASED ON SOGI

A. Principles of SOGI

Typical SOGI works as a signal processor, and it is used for
signal extraction or filtration. The structure diagram of typical
SOGI is shown in Fig. 1, where ω0 is the resonant frequency
and designed by the target frequency, m is the proportionality
coefficient, u(s) is the input signal, and y1(s) and y2(s) are the
outputs of extraction and filtration, respectively. Through the
different output channels, specific frequency signal is extracted
or filtered, and the transfer functions of y1(s)/u(s) and y2(s)/u(s)
are shown in (6) and (7), respectively, where GSOGI_BF(s) and
GSOGI_LF(s) are the transfer function of the extraction channel
and filtration channel, respectively, as follows:

GSOGI_BF(s) =
y1(s)

u(s)
=

mω0s

s2 +mω0s+ ω2
0

(6)

GSOGI_LF(s) =
y2(s)

u(s)
=

mω2
0

s2 +mω0s+ ω2
0

. (7)

According to the internal model principle, in order to track
a signal without static error, there must be a same dynamic
model in the system. The Laplace transformation of sinusoidal
signal is s/(s2+ω2), which is included in the transfer function of
GSOGI_BF(s). Thus, SOGI can track the target sinusoidal signal
without static error. The bode diagrams of GSOGI_BF(s) and
GSOGI_LF(s) are shown in Figs. 2 and 3, respectively, where the
resonant frequency ω0 is 80 π rad/s, m is selected as 0.1, 1, and
2. It can be concluded that GSOGI_BF(s) and GSOGI_LF(s) can be
regarded as a band-pass filter and a low-pass filter, respectively.

In Fig. 2, it can be seen that the amplitude of resonant fre-
quency ω0 is reserved without phase shift, while the amplitude
of all nonresonant frequency is attenuated with varying degrees,
thereby the target signal with specific frequency is extracted.
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Fig. 3. Bode diagram of GSOGI_LF(s).

Fig. 4. Block diagram of current harmonics suppression method based on
SOGI.

With the decrease of m, the bandwidth of band-pass filter is nar-
rowed, and the attenuation effect on the nonresonant frequency
is enhanced. It indicates that the stable convergence precision
of SOGI gets better, but the dynamic convergence response of
SOGI gets slower.

In Fig. 3, it can be seen that at the resonant frequency point,
the gain is 0 dB and the phase lag is 90°. The proportional-
ity coefficient m decides the filtering effect of high-frequency
disturbances. With the decrease of m, the filtering effect of
the high-frequency disturbances is enhanced, but the dynamic
performance of SOGI is deteriorated.

B. Analysis on the Current Harmonics Suppression
Based on SOGI

According to the analysis above, SOGI can work as a band-
pass filter to obtain the target frequency signal without amplitude
attenuation and phase shift. Therefore, SOGI is competent to
extract 6th and 12th current harmonic. Take the d-axis for
example, 6th and 12th current harmonic obtained from SOGI
are subtracted with the command values, which are set to zero,
and the voltage compensation values are generated through
proportional-integral (PI) controllers. The block diagram of cur-
rent harmonics suppression method based on SOGI is shown in
Fig. 4, where i∗d6th and i∗d12th are the command values of current
harmonics; id6th and id12th are the target 6th and 12th current
harmonic from SOGI; ud6th and ud12th are the injected com-
pensation voltage. The current harmonics suppression method
mainly includes two parts: 1) current harmonics extraction and
2) voltage compensation generation.

The block diagram of current harmonics suppression method
based on SOGI in IPMSM control system is shown in Fig. 5.
Double closed-loop vector control structure is adopted, and PI
controllers in the forward channel are applied for fundamental

Fig. 5. Block diagram of current harmonics suppression method based on
SOGI in IPMSM control system.

current control, while PI controllers in the suppression method
are applied for 6th and 12th current harmonic suppression.
The fundamental current controllers and the current harmonics
controllers operate independently, so that 6th and 12th current
harmonic are effectively suppressed while the fundamental cur-
rent control is not affected. Finally, the compensation voltage
is injected into the voltage control signal in the current loop.
Therefore, in order to extend the motor life, improve the torque
quality, and reduce additional energy loss, the current harmonics
in the closed loop control of IPMSM is suppressed in this article.

Typical SOGI has only adjustment parameter m, which is
a tradeoff between the convergence rate and the convergence
precision, so that SOGI is single-degree of freedom, and thus,
dynamic convergence response and stable convergence precision
are always compromising considered. Meanwhile, the tradeoff
issue results in the coupled relations among different order
current harmonics. The stable convergence precision of target
current harmonics is affected by nontarget current harmonics.
Therefore, the tradeoff issue and the coupled issue affects the
final suppression performance of current harmonics.

IV. CROSS-DECOUPLED CURRENT HARMONICS SUPPRESSION

METHOD BASED ON NF-SOGI

In order to solve the tradeoff issue and the coupled issue of
SOGI, aiming at the improvement of current harmonics suppres-
sion effect, a cross-decoupled current harmonics suppression
method based on notch filter and SOGI (NF-SOGI) is proposed
in this article.

A. Cross-Decoupled NF-SOGI

In the proposed NF-SOGI, notch filter (NF) can rapidly atten-
uate the specific frequency signal at resonant frequency point,
and then eliminates this signal. The structure diagram of NF is
shown in Fig. 6, where ω0 is the resonant frequency, u(s) is the
input signal, k is the filter coefficient and affects the bandwidth of
NF, and y3(s) is the output signal. The transfer function GNF(s)
is obtained in

GNF(s) =
y3(s)

u(s)
=

s2 + ω2
0

s2 + 2kω0s+ ω2
0

. (8)
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Fig. 6. Structure diagram of NF.

Fig. 7. Bode diagram of GNF(s).

Fig. 8. Simplified structure diagram of the cross-decoupled NF-SOGI.

The bode diagram of GNF(s) is shown in Fig. 7, where the
resonant frequency ω0 is 80 π rad/s, k is selected as 0.1, 1,
and 10. It can be indicated that NF works as a band-stop filter,
and a signal with the resonant frequency can be eliminated,
while signals with nonresonant frequency are retained. With the
decrease of k, the bandwidth of NF gets narrow, which brings a
better elimination effect on resonant frequency.

Through the analysis on the bode diagrams of SOGI and NF
(as shown in Figs. 2 and 7), it can be indicated that NF has
the opposite characteristics with SOGI at resonant frequency
point. SOGI works as a band-pass filter, while NF works as
a band-stop filter. In details, SOGI reserves the signal at the
resonant frequency point, while NF eliminates the signal at
the resonant frequency point. Therefore, SOGI is applied to
extract the target current harmonic, NF can be applied to extract
all the nontarget current harmonics to realize the decoupled
between the target current harmonic and the nontarget current
harmonics. Therefore, NF is introduced into SOGI, and the
simplified structure diagram of NF-SOGI is shown in Fig. 8,
where ω0 is the target frequency, u(s) is the input signal, y1(s)
is the target current harmonic, and y3(s) is the sum of all the
nontarget current harmonics.

In the cross-decoupled NF-SOGI, first, according to opposite
characteristics of SOGI and NF at the resonant frequency point,

Fig. 9. Bode diagrams of GSOGI(s) and GNF-SOGI(s).

SOGI is applied to extract the specific target current harmonic,
while NF is applied to extract all the nontarget current har-
monics, so that the target current harmonic is decoupled with
the nontarget current harmonics, and the convergence precision
of target current harmonic is improved. Second, NF and SOGI
are interactive connected in a cross-link structure, where the
output of NF contributes to eliminate the nontarget current
harmonics in the input of SOGI, and improve the attenuation of
SOGI on the nontarget current harmonics, so that more precision
target current harmonic is convergent through SOGI. Similarly,
the nontarget current harmonics from NF are convergent more
precisely because of SOGI. More precision convergence results
can improve the convergence effect in the end. The transfer
function of the cross-decoupled NF-SOGI is shown in (9). The
bode diagram of typical SOGI and the proposed NF-SOGI are
compared and shown in Fig. 9, where the resonant frequency ω0

is 80 π rad/s

GNF−SOGI(s) =
y1(s)

u(s)

=
2kmω2

0s
2

s4 + 2kω0s3 + 2(km+ 1)ω2
0s

2 + 2kω3
0s+ ω4

0

. (9)

Compared with the typical SOGI, the attenuation effect on the
nontarget current harmonics is improved by the cross-decoupled
NF-SOGI, so that the influence of the nontarget current harmon-
ics on the target current harmonic is reduced, and the conver-
gence precision of target current harmonic is enhanced, and thus
the target and nontarget current harmonics are decoupled.

Through the bilinear transformation, the difference equations
of NF-SOGI in discrete domain are obtained shown in (10)
and (11), which are applied for the software programming in
the experiment. Therefore, NF-SOGI can be realized in the
software. In the cross-link structure, the input and output signals
of NF and SOGI satisfies XSOGI(k) = XSOGI(k-1)-YNF(k-1),
XNF(k) = XNF(k-1)-YSOGI(k-1) among different cycles. The
current harmonics controllers and the fundamental current con-
troller can operate independently, and thus the target 6th and
12th current harmonic are effectively suppressed while the fun-
damental current control is not affected

YNF(k) =
−(2ω2

0T
2 − 8)

(4 + 4kω0T + ω2
0T

2)
YNF(k − 1)
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+
−(4− 4kω0T + ω2

0T
2)

(4 + 4kω0T + ω2
0T

2)
YNF(k − 2)

+
(4 + ω2

0T
2)

(4 + 4kω0T + ω2
0T

2)
XNF(k)

+
(2ω2

0T
2 − 8)

(4 + 4kω0T + ω2
0T

2)
XNF(k − 1)

+
(4 + ω2

0T
2)

(4 + 4kω0T + ω2
0T

2)
XNF(k − 2) (10)

YSOGI(k) =
−(2ω2

0T
2 − 8)

(4 + 2mω0T + ω2
0T

2)
YSOGI(k − 1)

+
−(4− 2mω0T + ω2

0T
2)

(4 + 2mω0T + ω2
0T

2)
YSOGI(k − 2)

+
(2mω0T )

(4 + 2mω0T + ω2
0T

2)
XSOGI(k)

+
(−2mω0T )

(4 + 2mω0T + ω2
0T

2)
XSOGI(k − 2). (11)

B. Theoretical Analysis of Cross-Decoupled NF-SOGI

1) Analysis on Effectiveness: The time domain expression
of total current harmonics can be uniformly expressed in (12),
which contains the current harmonics with different frequencies

i (t) =
∞∑

h=6n,n=1

Ah sin(ωht+ ϕh) (12)

where h is the order of each current harmonic; Ah is the amplitude
of each current harmonic; ωh is the frequency of each current
harmonic. ϕh is the phase of each current harmonic. Through
the Fourier transformation, the time domain expression can be
transformed to the complex frequency domain in

I(s) =

∞∑
h=6n,n=1

Ah
s sinϕh + ωh cosϕh

s2 + ω2
h

. (13)

The main order of current harmonics in d-axis and q-axis are
sixth, that is h = 6. Focusing on the sixth current harmonic
and the nonsixth current harmonics, the analysis on SOGI and
NF-SOGI are discussed, respectively, and compared eventually.

As for target sixth current harmonic, ω0 of SOGI is designed
as 6ω, and GSOGI(j6ω) can be expressed in

GSOGI(j6ω) =
j62mω2

j62mω2
= 1∠0◦. (14)

As for nonsixth current harmonics, s = jhω, h is the order of
nonsixth current harmonics, h= 6n. Bring s=jhω into GSOGI(s),
GSOGI(jhω) can be expressed in

GSOGI(jhω) =
j6mh

(62 − h2) + j6mh
. (15)

Similarly, in NF-SOGI, the transfer function of
GNF-SOGI(j6ω) and GNF-SOGI(jhω) are expressed in

GNF−SOGI(j6ω) =
−64kmω4

−64kmω4
= 1∠0◦ (16)

GNF−SOGI(jhω)

=
72h2km

72h2(km+ 1)− (64 + h4) + j(12kh3 − 432kh)
. (17)

According to (14)–(17), the theoretical analysis on SOGI
and NF-SOGI can be concluded that the target sixth current
harmonic is extracted without phase shift and amplitude atten-
uation, and the nonsixth current harmonics are attenuated with
varying degrees. The conclusion is consistent with the analysis
in Section III-A. However, the performance difference between
SOGI and NF-SOGI is the different amplitude gains and phases
of nonsixth current harmonics shown in (18), which is calculated
from (15) and (17). The attenuation effect on the nonsixth current
harmonics of SOGI is only determined by parameter m, and m
is usually designed by quality factor, but it exists a tradeoff
between the dynamic performance and the stable precision,
while the attenuation effect on nonsixth current harmonics of
cross-decoupled NF-SOGI is determined by parameter k and m
instead⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

|GSOGI(jhω)| = 1√
1+( 62−h2

6hm )
2

|GNF−SOGI(jhω)| = 1√
(
72h2(km+1)−(64+h4)

72h2km
)
2
+( 62−h2

6hm )
2

∠GSOGI(jhω)=∠(π2 − arctan 6mh
62−h2 )

∠GNF−SOGI(jhω)=∠(π2 − arctan 72h2(km+1)−(64+h4)
12hk(62−h2) ).

(18)
Under the premise of the same dynamic performance, in order

to obtain a better attenuation effect on all the nonsixth current
harmonics in NF-SOGI than that in SOGI, the limit condition
can be restricted in∣∣∣∣72h2(km+ 1)− (64 + h4)

72h2km

∣∣∣∣ > 1 ⇒ km < f(h)

=

(
h2 − 36

12h

)2

, h > 6 (19)

where the upper bound value of km should be less than the
minimum value of f(h), and f(h)min is 0.5625 when hmin =
12, (cause h = 6n, the orders of nonsixth current harmonics
are 12, 18, 24 …). Thus, the limit range is obtained in (20), and
regarding to most values of k and m, their multiplication satisfies
this limit range. Therefore, the attenuation effect on the nonsixth
current harmonics is better in NF-SOGI

0 < km < 0.5625, k ∈ (0, 1),m ∈ (0, 1). (20)

In NF-SOGI, m can be set first to guarantee the dynamic
convergence response of target current harmonic, and then the
stable convergence precision of target current harmonic can be
improved through k. Therefore, when the cross-decoupled NF-
SOGI is applied for current harmonics suppression, m and k can
be adjusted independently to achieve a better stable convergence
precision with the same dynamic convergence response of SOGI.

In order to compare the convergence performance of target
current harmonics between typical SOGI and cross-decoupled
NF-SOGI, the input current signal u(t) is designed in (21), and
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Fig. 10. Convergence error comparison between SOGI and NF-SOGI.

Fig. 11. Detailed structure diagram of the cross-decoupled NF-SOGI.

it is composed of current harmonics with different orders

u(t) = 100 + 5 sin(2ωt) + 5 sin(3ωt) + 15 sin(6ωt)

+ 5 sin(9ωt) + 10 sin(12ωt) + 2 sin(18ωt) (21)

where the signal 15sin(6ωt) is a sixth current harmonic as
the target. The resonant frequency of typical SOGI and cross-
decoupled NF-SOGI is the same and designed as 6ω, and the
convergence precision of target current harmonic is verified
by the stable state error between the output and the reference
15sin(6ωt) in Fig. 10. It can be seen that the cross-decoupled
method has a smaller stable state error, thereby the convergence
precision of target current harmonics is better in NF-SOGI.

Benefits from the cross-decoupled design, the target current
harmonic is decoupled with the nontarget current harmonics,
the influence of nontarget current harmonics on the convergence
precision of target current harmonic is decreased, more precision
feedback value of target current harmonic is obtained. Moreover,
more convergence precision of target current harmonic builds a
better basis for the subsequent current harmonics suppression.

2) Analysis on Stability: The detailed structure diagram of
NF-SOGI is shown in Fig. 11, and the state space formula of
NF-SOGI is expressed in (22), where x is the state variables,
A is the status matrix, B is the input matrix, and v is the input
variables. It can be seen that both the dynamic response and
stability of NF-SOGI depend on the values of m and k

ẋ = Ax+Bv

Fig. 12. Nyquist curves of SOGI and NF-SOGI.

⎡
⎢⎢⎣
ẋ1
ẋ2
ẋ3
ẋ4

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣
0 −ω2

0 0 −mω2
0

1 0 0 0
0 0 0 −ω0

0 0 ω0 −2kω0

⎤
⎥⎥⎦
⎡
⎢⎢⎣
x1
x2
x3
x4

⎤
⎥⎥⎦+

⎡
⎢⎢⎣

0
0
0

−2k

⎤
⎥⎥⎦ v. (22)

Take the steady state operating conditions into account, that
is x1 = v, so that the actual input of NF is 0, and thus, the
output of NF v2 is also 0. The stable state space formula can be
converted to (23), where x̄ represents the steady-state value of
state variables

˙̄x =

⎡
⎢⎢⎣
˙̄x1
˙̄x2
˙̄x3
˙̄x4

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣
0 −ω2

0 0 0
1 0 0 0
0 0 0 −ω0

0 0 ω0 0

⎤
⎥⎥⎦
⎡
⎢⎢⎣
x̄1
x̄2
x̄3
x̄4

⎤
⎥⎥⎦ . (23)

Through the characteristic determinant of Jacobian matrix,
the eigenvalues are obtained in (24), where the Jacobian matrix
represents as J. It can be seen that both of eigenvalues have
zero real part on the imaginary axis, and it indicates the oscilla-
tory convergence characteristics of NF-SOGI, so that NF-SOGI
maintains a convergent steady state response on the signal with
frequency ω0

|λE− J| =

∣∣∣∣∣∣∣∣
λ ω2

0 0 0
−1 λ 0 0
0 0 λ ω0

0 0 −ω0 λ

∣∣∣∣∣∣∣∣
⇒ λ1,2 = ±jω0. (24)

The Nyquist curves of SOGI and the proposed NF-SOGI are
shown in Fig. 12. According to the Nyquist stability criterion,
the (−1, j0) is not surrounded by the Nyquist curve of NF-SOGI,
and when L(ω0) > 0, (2k + 1)π (k = 0, ±1 …) is not traversed
by the phase-frequency characteristic curve. Therefore, the poles
with positive real part are not included in the transfer function of
NF-SOGI, and it indicates that NF-SOGI is stable in the variation
range of ω0.

3) Analysis on Response Time: The response time compar-
ison between SOGI and NF-SOGI is analyzed by the settling
time, which is obtained by the poles of characteristic equa-
tions. Through the closed-loop transfer function GSOGI(s) and
GNF_SOGI(s), the characteristic equations of SOGI and NF-
SOGI are shown in (25) and (26), respectively. The root-locus
of SOGI and cross-decoupled NF-SOGI are obtained in Figs. 13
and 14, where m is 0.5, k is 0.7, and the resonant frequency ω0
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Fig. 13. Root-locus of SOGI.

Fig. 14. Root-locus of NF-SOGI.

is 6 × 80 π rad/s

s2 +mω0s+ ω2
0 = 0 (25)

s4 + 2kω0s
3 + 2(km+ 1)ω2

0s
2 + 2kω3

0s+ ω4
0 = 0. (26)

It can be seen that the real part of conjugate poles is −377
in the root-locus of SOGI, and the real part of two pairs of
conjugate poles are −653 and −403 in the root-locus of NF-
SOGI, respectively. There is no closed-loop zero around the
poles closest to the imaginary axis. Based on the classical control
theory, the real part of closed-loop poles plays a role in the
response time. A smaller real part of closed-loop poles leads to
a larger time constant of system, and thus, the dynamic response
process is more slowly. The settling time Ts is usually defined
when the steady state error ess is within 2%, and it is calculated
by

Ts =
4.4

σ
(27)

where σ is the absolute value of real part of the poles. As fourth-
order system, NF-SOGI has two pairs of conjugate poles, whose
position are very close, so that the nondominant poles cannot be
ignored. Both the dominant poles and the nondominant poles
have the effect on the dynamic response, and its approximate
σ is the average of two real parts. Therefore, Ts of SOGI and
cross-decoupled NF-SOGI can be calculated in{

Ts_SOGI =
4.4
377 = 0.01176

Ts_NF−SOGI =
4.4

(653+403)/2 = 0.0083.
(28)

It can be concluded that NF-SOGI has a faster dynamic
response than SOGI. Benefit from the design of parameter k,
the real part absolute value of closed-loop poles in NF-SOGI is

Fig. 15. Block diagram of d-aixs current harmonics suppression method based
on cross-decoupled NF-SOGI.

bigger than that in SOGI, and thus, the time constant of NF-SOGI
is less than that of SOGI, so that the dynamic response process
is faster in NF-SOGI.

C. Cross-Decoupled Current Harmonics Suppression
Based on NF-SOGI

According to the analysis on the cross-decoupled NF-SOGI,
more precise target current harmonics are obtained, thereby it
contributes to improve the current harmonics suppression effect.
The proposed cross-decoupled NF-SOGIs are applied to extract
6th and 12th current harmonic in id and iq because of its faster
convergence rate and higher convergence precision. Take the d-
axis current loop for example, the d-axis current harmonics sup-
pression method based on cross-decoupled NF-SOGI is shown
in Fig. 15. Where, GNF-SOGI_6ω(s) and GNF-SOGI_12ω(s) are the
transfer functions of 6th and 12th current harmonic suppression
method based on cross-decoupled NF-SOGI, respectively; kp1
and ki1 are proportional coefficient and integral coefficient of PI
controller in the d-axis current loop, respectively; kp2 and ki2 are
proportional coefficient and integral coefficient of PI controller
for sixth current harmonic control, respectively; kp3 and ki3 are
proportional coefficient and integral coefficient of PI controller
for 12th current harmonic control, respectively; Kpwm is the gain
of the inverter; Tpwm is the switching period of the inverter.

The open loop transfer function of d-axis current loop with the
current harmonic suppression method based on cross-decoupled
NF-SOGI is (29) shown at the bottom of the next page, where
GPI1(s) is the transfer function of PI controller in the d-axis
current loop; GPI2(s) is the transfer function of PI controller for
sixth current harmonic control; GPI3(s) is the transfer function
of PI controller for 12th current harmonic control.

When the speed command is 600 r/min, the related funda-
mental ω is 80 π rad/s. Bode diagrams of the current closed
loop transfer function with kp2 = 1, 5, 10, and ki3 = 1, 10, 100
are shown in Fig. 16, while kp3 and ki2 are invariant, thereby
the influence of kp2 on sixth current harmonic and the influence
of ki3 on 12th current harmonic are both investigated. It can
be indicated that with the increase of kp2, the gain of at the
resonant frequency 6ω is decreased, thus, sixth current harmonic
suppression effect is enhanced. However, with the increase of
ki3, the gain of current harmonic at the resonant frequency 12ω is
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Fig. 16. Bode diagram with different kp2 and ki3.

Fig. 17. Bode diagram with different kp3 and ki2.

invariant, which means that ki3 has no influence on 12th current
harmonic suppression effect.

Bode diagrams of the current loop closed loop transfer func-
tion with kp3 = 1, 5, 10, and ki2 = 1, 10, 100 are shown in
Fig. 17. The kp2 and ki3 are invariant, thereby the influence of
ki2 on sixth current harmonic and the influence of kp3 on 12th
current harmonic are both investigated. It can be indicated that
with the increase of kp3, the negative gain of current harmonic
at the resonant frequency 12ω is increased, thus, 12th current
harmonic suppression effect is enhanced. However, with the
increase of ki2, the gain of current harmonic at the resonant
frequency 6ω is invariant, which means that ki2 has no influence
on sixth current harmonic suppression effect.

V. EXPERIMENTAL RESULTS

The proposed scheme has been verified on the IPMSM experi-
mental platform shown in Fig. 18. The main parameters of tested
IPMSM are listed in Table I. The digital control unit is digital
signal processor (DSP), type is TMS320F28335. The program
is downloaded to DSP through computer. The inverter is used
to drive the IPMSM, the carrier frequency of inverter is 10 kHz,
and the dead time period is 5 μs. An oscilloscope is applied
to display the current signals, and the sample rate is 25 kHz.
The sampled signals data are imported into MATLAB for data
processing.

Fig. 18. Experimental platform of IPMSM drive system.

TABLE I
IPMSM PARAMETERS IN EXPERIMENT

In the compared methods, the proportionality coefficient m
is the same, and it is 0.5. The filter coefficient k only exists in
NF-SOGI, and it is 0.7. In the voltage compensation generation
of two compared methods, PI parameters are the same. In details,
kp2 = 45, ki2 = 100, kp3 = 20, and ki3 = 100.

A. Verification of Current Harmonics Convergence Effect

1) Target Current Harmonic: As one suppression target, the
experimental results of sixth current harmonic are compared in
Fig. 19. Speed command is 600 r/min, fundamental frequency
is 40 Hz, and load torque is 10 N·m.

In Fig. 19(a) and (b), it shows the d-axis current waveform
without current harmonics suppression and the FFT analysis,
respectively. It can be seen that the fundamental current is dc
signal in d-q synchronous rotating coordinate frame, while the
current harmonics are ac signals. Through FFT analysis, the
amplitude of sixth current harmonic is 5.99 dB, and that of 12th
harmonic is −5.99 dB, so that d-axis current mainly contains
6th and 12th current harmonic, which is consistent with the
theoretical analysis on harmonics model in Section II.

In Fig. 19(c) and (d), it shows the convergence effect of target
sixth current harmonic based on SOGI. In Fig. 19(c), it can be
seen that target sixth current harmonic is convergent with stable
frequency. In Fig. 19(d), the convergence result of target sixth
current harmonic is 5.95 dB, which is basically consistent with

G(s) = GPI1(s)
Kpwm

(Tpwms+ 1)(Lds+Rs) +Kpwm[GPI2(s)GNF_SOGI_6ω(s) +GPI3(s)GNF_SOGI_12ω(s)]
(29)
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Fig. 19. Comparative experimental results of target sixth current harmonic
convergence effect at 600 r/min and 10 N·m load torque. (a), (b) d-axis current
and its FFT analysis without suppression method. (c), (d) Target sixth current
harmonic from SOGI and its FFT analysis. (e), (f) Target sixth current harmonic
from cross-decoupled NF-SOGI and its FFT analysis.

the actual amplitude 5.99 dB in Fig. 19(b), the amplitude of 12th
current harmonic is reduced from −5.99 dB to −23.58 dB, and
the amplitudes of other nontarget current harmonics are reduced
below −40 dB. Therefore, the target sixth current harmonic can
be reserved by SOGI, while the nontarget current harmonics are
suppressed, and the experimental results are consistent with the
analysis in Section III.

In Fig. 19(e) and (f), it shows the convergence effect of target
sixth current harmonic based on cross-decoupled NF-SOGI.
Compared Fig. 19(e) with (c), it can be indicated that the
convergence effect of target sixth current harmonic is nearly
the same with that of SOGI. However, compared Fig. 19(f) with
(d), the convergence result of target sixth current harmonic is
5.98 dB, and thus, the convergence precision of NF-SOGI is
closer to the actual value 5.99 dB than that of SOGI, and the
amplitude of 12th current harmonic is further reduced from
−23.58 dB to −46.54 dB, and the amplitudes of other nontarget
current harmonics are also further reduced. Therefore, based
on cross-decoupled NF-SOGI, the convergence effect of target
sixth current harmonic is more precision than the typical SOGI,
and the nontarget current harmonics are further suppressed.
The experimental results are consistent with the analysis in
Section IV-B.

Fig. 20. Comparative experimental results of target 12th current harmonic
convergence effect at 600 r/min and 10N·m load torque. (a), (b) Target 12th
current harmonic from SOGI and its FFT analysis. (c), (d) Target 12th current
harmonic from cross-decoupled NF-SOGI and its FFT analysis.

As another suppression target, the experimental results of 12th
current harmonic are compared in Fig. 20. Speed command is
600 r/min, fundamental frequency is 40 Hz, and load torque is
10 N·m.

In Fig. 20(a) and (b), it shows the convergence effect of target
12th current harmonic based on typical SOGI. It can be seen
that the target 12th current harmonic is unstable convergence
with obvious amplitude fluctuation, which is caused by sixth
current harmonic. In details, the amplitude of sixth current
harmonic is 0.133 A calculated from −17.57 dB, and 0.133 A
is close to the amplitude of target 12th current harmonic, which
is 0.501 A calculated from −5.89 dB. Therefore, the coupled
issue is verified, that is nontarget current harmonic affects the
convergence precision of target current harmonic.

In Fig. 20(c) and (d), it shows the convergence effect of
target 12th current harmonic based on NF-SOGI. It can be seen
that the convergence result of target 12th current harmonic is
−5.96 dB and stable without the amplitude fluctuation, because
the amplitude of sixth current harmonic is reduced from 0.133 A
to 0.009 A calculated from −40.78 dB, so that sixth current har-
monic has less influence on 12th current harmonic. Therefore,
based on cross-decoupled NF-SOGI, the convergence precision
of target 12th current harmonic is improved and closer to the
actual amplitude −5.99 dB shown in Fig. 19(b), and thus all
the nontarget current harmonics are also further reduced, so that
the coupled issue is addressed in NF-SOGI. The experimental
results are consistent with the analysis in Section IV-B.

In conclusion, through the target current harmonic based on
NF-SOGI, the target current harmonic are decoupled with the
nontarget current harmonics, so that the target current harmonics
is not affected by the nontarget current harmonics. With the same
parameter m to keep the same dynamic convergence response
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Fig. 21. Experimental results of nontarget current harmonic from NF-SOGI
at 600 r/min and 10 N·m load torque. (a), (b) Nonsixth current harmonic and its
FFT analysis. (c), (d) Non-12th current harmonic and its FFT analysis.

with SOGI, the stable convergence precision of target current
harmonics is enhanced, so that the tradeoff issue is addressed
through parameter k in NF-SOGI.

2) Nontarget Current Harmonics: In the cross-decoupled
NF-SOGI, the nontarget current harmonics are extracted and
applied to address the coupled issue. Therefore, the nontarget
current harmonics from NF-SOGI are verified in Fig. 21. Speed
command is 600 r/min, fundamental frequency is 40 Hz, and
load torque is 10 N·m.

In Fig. 21(a) and (b), it shows the nonsixth current harmonic
and its FFT analysis. Through FFT analysis, it can be seen
that the amplitude of sixth current harmonic is reduced from
5.99 dB to−36.06 dB in the nonsixth current harmonics, and the
mainly component is 12th current harmonic, whose amplitude is
−6.08 dB and is basically consistent with−5.99 dB in Fig. 19(b).
In Fig. 21(c) and (d), it shows the non-12th current harmonic
and its FFT analysis. It can be seen that the amplitude of 12th
current harmonic is reduced from −5.99 dB to −28.82 dB in the
non-12th current harmonics, and the mainly component is sixth
current harmonic, whose amplitude is 5.98 dB and basically
consistent with 5.99 dB in Fig. 19(b). Therefore, the attenuation
effect on the nontarget current harmonics is enhanced, which
indicates that the influence of target current harmonic on the con-
vergence precision of nontarget current harmonic is reduced, so
that the convergence precision of nontarget current harmonic is
improved, and the coupled issue is addressed. The experimental
results are consistent with the analysis in Section IV-B.

In summary, through the nontarget current harmonics based
on NF-SOGI, the nontarget current harmonics are decoupled
with the target current harmonics. Therefore, the nontarget cur-
rent harmonics are also not affected by the target current har-
monic, and thus the convergence precision of nontarget current
harmonics is better. The parameter k improves the convergence

Fig. 22. Experimental results of current harmonics suppression method based
on typical SOGI at 600 r/min and 10 N·m load torque. (a) A-phase current
waveform. (b) FFT analysis. (c) d-axis current. (d) q-axis current.

Fig. 23. Experimental results of current harmonics suppression method based
on cross-decoupled NF-SOGI at 600 r/min and 10 N·m load torque. (a) A-phase
current waveform. (b) FFT analysis. (c) d-axis current. (d) q-axis current.

precision of nontarget current harmonics and addresses the
tradeoff issue in SOGI.

B. Verification of Current Harmonics Suppression Effect

1) With the Same Load Torque: The current harmonics sup-
pression effect between typical SOGI and NF-SOGI are com-
pared in Figs. 22 and 23, respectively. Speed command is
600 r/min, the fundamental frequency is 40 Hz, and the load
torque is 10 N·m.
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Fig. 24. Current harmonics contents comparison between typical SOGI and
the cross-decoupled NF-SOGI.

Compared Figs. 22(a) and (b) with 23(a) and (b), it can be
seen that the amplitude of fifth stator current harmonic is reduced
from −12.76 dB to −19.00 dB, the amplitude of seventh stator
current harmonic is reduced from −15.52 dB to −22.77 dB,
the amplitude of 11th stator current harmonic is reduced from
−15.10 dB to −19.43 dB, and the amplitude of 13th stator
current harmonic is reduced from −17.20 dB to −23.67 dB.
Therefore, the whole current harmonics suppression effect are
further suppressed, so that the sine degree of the A-phase current
waveform is improved based on the cross-decoupled NF-SOGI.
In Fig. 22(c) and (d), it can be seen that id is fluctuant between
−1.9 A and 1.9 A, and iq is fluctuant between 14.6 A and
15.5 A. While in Fig. 23(c) and (d), id is fluctuant between
−1.5 A and 1.5 A, and iq is fluctuant between 14.7 A and 15.4 A.
Therefore, the amplitude fluctuation of id and iq gets narrower,
and it indicates that the mainly current harmonics are further
suppressed based on the cross-decoupled NF-SOGI. Compared
typical SOGI with the cross-decoupled NF-SOGI, the amplitude
of 5th, 7th, 11th, and 13th stator current harmonic in Figs. 22(b)
and 23(b) are listed for intuitive comparison in Fig. 24.

In conclusion, the current harmonics suppression method
based on cross-decoupled NF-SOGI is applied, 5th, 7th, 11th,
and 13th stator current harmonics are further suppressed, and the
fluctuation of id and iq is reduced under steady state condition.
Therefore, it can be indicated that a higher convergence pre-
cision of current harmonics contributes to a better suppression
performance of current harmonics.

2) With the Different Load Torque: In IPMSM control sys-
tem, with the growth of load torque, the amplitude of stator
current is increased, so that it leads to increase the amplitude
of all the current harmonics in (3), including the target current
harmonic. Therefore, the current harmonic suppression effect
based on cross-decoupled NF-SOGI is verified under the dif-
ferent load torques, which are 2 N·m in Fig. 25 and 26 N·m in
Fig. 26, respectively. Speed command is 600 r/min, fundamental
frequency is 40 Hz.

Compared Figs. 23 with 25 and 26, it can be seen that with
the increase of load torque, the amplitude of stator current is
increased, and the amplitude of all the current harmonics in (3)
is increased as well, so that it results in the fluctuation of id and
iq. When the load torque is 2 N·m, 10 N·m, and 26 N·m, the
fluctuation of id is between −0.6 A and 0.8 A, between −1.5 A
and 1.5 A, between −2.2 A and 2.2 A, respectively. With the

Fig. 25. Experimental results of current harmonics suppression method based
on cross-decoupled NF-SOGI at 600 r/min and 2 N·m load torque. (a) A-phase
current waveform. (b) FFT analysis. (c) d-axis current. (d) q-axis current.

Fig. 26. Experimental results of current harmonics suppression method based
on cross-decoupled NF-SOGI at 600 r/min and 26 N·m load torque. (a) A-phase
current waveform. (b) FFT analysis. (c) d-axis current. (d) q-axis current.

growth of load torque, the fluctuation of id is increased. Since
id = 0 is the control command, all the current harmonics can be
clearly reflected by the amplitude fluctuation of id. It also proves
that the amplitude of each current harmonics is increased with
the growth of load torque. Same conclusion can be obtained by
the fluctuation of iq.

Under three different load torque, the amplitude of 5th, 7th,
11th, and 13th stator current harmonic shown in Figs. 23(b),
25(b) and 26(b) are listed for intuitive comparison in Fig. 27.
Since the current harmonic suppression method based on cross-
decoupled NF-SOGI is applied, although the increasing load
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Fig. 27. Comparative experimental results of the proposed NF-SOGI with the
different load torque.

Fig. 28. Experimental waveforms during the step variation of speed command.
(a) Speed and torque waveforms. (b) dq-axis current. (c) A-phase current
waveform.

torque results in more current harmonics and the bigger fluctua-
tion of id and iq, the amplitude of 5th, 7th, 11th, and 13th stator
current harmonic are effectively suppressed below −20 dB,
and the corresponding peaks value of current harmonics can
be calculated and are less than 0.1 A. (1 dB = 20lg(M), M
is the peaks value of current harmonic.) Compared with the
fundamental current in Figs. 23(a), 25(a), and 26(a), as an
effective suppression result, 0.1 A is rather small and can be
ignored.

In conclusion, with the growth of load torque, the amplitude
of current harmonics is increased, and results in the fluctuation
of id and iq. When the current harmonics suppression method
based on cross-decoupled NF-SOGI is applied, the fluctuation
of id and iq can be reduced, because 5th, 7th, 11th, and 13th
stator current harmonics can be effectively suppressed.

C. Verification of the Dynamic Process

1) Dynamic Performance of NF-SOGI: Fig. 28 shows the
experimental waveforms of the proposed method during the step
variation in motor speed. The torque command is 10 N·m, and

Fig. 29. Experimental waveforms during the step variation of load torque.
(a) Speed and torque waveforms (b) dq-axis current. (c) A-phase current
waveform.

the motor speed is step changed from 300 r/min to 600 r/min,
to 900 r/min, to 1200 r/min eventually. When the motor speed
command is step changed, id and iq have a better dynamic
response characteristic and reach the steady state quickly. It
indicates that the parameters designed at 600 r/min are still
applicable at other speed commands.

Fig. 29 shows the experimental waveforms of the proposed
method during changes in torque load. The speed command is
600 r/min, and the load torque is step changed from 2 N·m to
10 N·m, to 18 N·m, to 26 N·m eventually. It can be seen that a
good steady-state and dynamic performance can be obtained
during the step torque load. During the load torque is step
changed, id and iq have a better dynamic response character-
istic and reach the steady state quickly. With the increasing
of torque load, the fundamental current is increased, and the
current harmonics in id are increased, but id current fluctuation
is suppressed within −2 A and 2 A.

2) Dynamic Comparison Between PR and NF-SOGI: The
experimental comparison results between NF-SOGI and PR are
shown in Fig. 30. The experimental speed command is 600 r/min,
and the step load torque is increased from 10 N·m to 18 N·m.
In Fig. 30(a), id is fluctuant between −2 A and 2 A before step
load, and between −3 A and 3 A after step load. In Fig. 30(b),
iq is fluctuant between 14.5 A and 15.5 A before step load, and
between 26.5 A and 27.5 A after step load. While in Fig. 30(c)
and (d), id is fluctuant between −1.5 A and 1.5 A before step
load, and between−2.5 A and 2.5 A after step load. iq is fluctuant
between 14.8 A and 15.2 A before step load, and between 26.8 A
and 27.2 A after step load.

Compared with the method based on PR, the fluctuation range
of id and iq gets narrower based on NF-SOGI before and after
step load. The cut-off frequencyωc of PR controller is associated
with the dynamic and stable performance, and the increasing of
ωc improves the bandwidth and accelerates the response speed,
although ωc does not affect the gain at the resonant frequency
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Fig. 30. Experimental comparison results between the current harmonics
suppression method based on the cross-decoupled NF-SOGI and the current
harmonics suppression method based on PR. (a), (b) d-axis and q-axis current
waveforms based on PR, (c), (d) d-axis and q-axis current waveforms based on
the cross-decoupled NF-SOGI.

point, but it introduces high-frequency noise, especially for the
suppression of high-frequency current harmonics. This issue
is carefully considered and optimized for design NF-SOGI.
Therefore, it achieves a better suppression effects of current
harmonics in NF-SOGI.

3) Verification of High-Speed Operation Performance:
Based on proposed cross-decoupled NF-SOGI method, the ex-
perimental results of the current harmonics suppression method
at rated speed 6500 r/min have been verified in Fig. 31, and
the fundamental frequency is 210 Hz. In Fig. 31(a) and (b), it
shows the current harmonics suppression effect at 6500 r/min
and 2 N·m, the amplitude of 5th, 7th, 11th, and 13th stator
current harmonics are −11.80 dB, −18.53 dB, −25.46 dB,
and −28.96 dB, respectively. In Fig. 31(c) and (d), it shows
the current harmonics suppression effect at 6500 r/min and
26 N·m, the amplitude of 5th, 7th, 11th, and 13th stator current
harmonics are −10.34 dB, −17.66 dB, −30.23 dB, and −27.46
dB, respectively.

As the phase inductance value of high-speed PMSM is rather
small, the motor is more sensitive to the variation of current and
voltage, and it results in a larger current ripple, which contents
much more current harmonics at high-speed. Therefore, com-
pared with the experimental results at low-speed 600 r/min and
same load 2 N·m in Fig. 25, although more current harmonics
exists at high-speed than at low-speed, the amplitudes of current
harmonics are nearly the same. Meanwhile, compared Fig. 31(a)
and (c), the sine degree of stator current is improved with the
increase of load, only the amplitude of fundamental current
is increased, but the amplitudes of current harmonics are not
increased. From the above two aspects, the proposed method is
effective to suppress the current harmonics at high-speed and at
low-speed.

Fig. 31. Experimental results of current harmonics suppression method based
on cross-decoupled NF-SOGI at 6500 r/min with 2 N·m and 26 N·m load torque.
(a) Stator current with light load. (b) FFT analysis with light load. (c) Stator
current with rated load. (d) FFT analysis with rated load.

VI. CONCLUSION

In this article, a current harmonics suppression method based
on cross-decoupled NF-SOGI is proposed to improve the sup-
pression effect of current harmonic in IPMSM control system. In
the proposed NF-SOGI, utilizing the opposite characteristics of
SOGI and NF in the same central frequency, SOGI is applied to
extract the target current harmonic, while NF is applied to extract
the nontarget current harmonics, and thus, the current harmonics
are decoupled. Through the cross-link between SOGI and NF,
the proposed NF-SOGI is reconstructed as double-degree of
freedom, and thus, both the stable convergence precision and
the dynamic convergence performance can be improved at the
same time. Therefore, more precise convergence of target current
harmonic leads to a better suppression performance. The exper-
imental results illustrate that the proposed scheme can improve
the suppression effect of current harmonics.

As a perspective, the current harmonics suppression is vital in
many industrial applications, and its effect is affected by many
factors, such as the variation of motor parameters, current sample
error, and discretization of controller. These factors affect the
voltage compensation. More research can be explored to further
improve the current harmonics suppression effect.
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