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Analysis and Control of Current Harmonic in
IPMSM Field-Oriented Control System

Zhiwei Chen”, Tingna Shi

and Xin Gu

Abstract—There is a certain amount of current harmonics in
interior permanent magnet synchronous motor. In order to accu-
rately control the current harmonic, this article focuses on three
aspects: establishing current harmonic calculation model, extract-
ing current harmonic, and designing current harmonic regulator.
A current harmonic calculation model, which considers the effect
of voltage harmonics induced by current controllers and digital
control delay on the initial phase angle of voltage harmonics, is
established for the first time. With the help of multiple synchronous
rotating frame transformation, a current harmonic extraction
method more suitable for motor drive field, which aims to extract
the current harmonic characteristics of d-axis and g-axis currents,
is proposed. On this basis, the controlled quantity and control
quantity are unified in d—g coordinate frame for analyzing the
coupling relationship of current harmonic characteristics. And
then a PI current harmonic regulator, including current harmonic
decoupling and voltage harmonic initial phase angle compensation,
is constructed, so as to realize the effective control of current har-
monics. Finally, the effectiveness and superiority of the proposed
method are verified by simulation and experiments.

Index Terms—Current harmonics analysis, current harmonics
regulator, field-oriented control, interior permanent magnet
synchronous motor (IPMSM), PI.

1. INTRODUCTION

NTERIOR permanent magnet synchronous motor (IPMSM)
I is widely used in electric vehicle drive system because of its
compact structure and high power density. During actual opera-
tion, the dead time of inverter and nonsinusoidal flux linkage of
permanent magnet will deteriorate the operation quality of motor
[1]. When the permanent magnet flux linkage is sinusoidal, the
current harmonic is controlled to zero, which will effectively
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reduce the motor loss and torque ripple [5]. When the flux
linkage of permanent magnet is nonsinusoidal, it is necessary to
ensure a certain amount of current harmonics to reduce torque
ripple [1]. Therefore, how to control the current harmonic to
achieve the desired value is of great significance for current
harmonic suppression or torque ripple suppression.

The essence of controlling current harmonics is to inject a
certain amount of voltage harmonics into the motor control
system to make the current harmonics meet the reference. In
order to control current harmonics, on the one hand, it is nec-
essary to obtain the current harmonic of certain order in the
motor system accurately. On the other hand, it is necessary to
design a current harmonic regulator with good performance.
Fully understanding the relationship between current harmonic
and voltage harmonic has a good guiding significance for the
design of current harmonic regulator.

As we all know, dead time of inverter and motor permanent
magnet flux harmonic are the two main sources of voltage
harmonics in motor system. And those make the phase current
of the motor contains the corresponding current harmonic. In
this regard, many scholars have conducted relevant research and
obtained the current harmonic calculation formula for the motor
[3]-[8]. However, in motor control system, the motor current
containing a certain harmonic will be fed back to the d-axis and
g-axis current controllers, which will also induce a certain volt-
age harmonic. Therefore, in order to accurately obtain the current
harmonic calculation model in the field-oriented control (FOC)
system, the influence mechanism of voltage harmonic output by
d-axis and g-axis current controllers on current harmonic needs
to be deeply studied.

In terms of current harmonic extraction, some scholars use
filters to extract current harmonics, such as band-pass filter and
adaptive filter based on least mean square [8]-[10]. Adaptive
linear neurons also can be used to extract current harmonics
[5]. All the aforementioned methods aim to obtain the current
harmonics in the form of ac. In recent years, the multiple
synchronous rotating frame transformation (MSRFT) method,
which is widely used in power system and aimed at extracting the
dc characteristic quantities of current harmonics, has attracted
extensive attention [12]-[15]. In these methods, the three-phase
currents are usually transformed into a combination of a dc
component corresponding to the current harmonic of a certain
frequency and several ac components through MSRFT, and then
combined with the first-order low-pass filter (FLPF) to realize
the extraction of current harmonic characteristic quantities in
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the phase current. Because the attenuation of FLPF to the signal
at the cutoff frequency will not be zero, especially for high
current amplitude, it is difficult to completely eliminate the ac
amount corresponding to the fundamental current in the phase
current, which will affect the extraction of characteristic quan-
tities. This is the reason why the current harmonic extraction
method based on MSRFT is difficult to be effectively applied
to motor control system. In this regard, many scholars try to
improve the application performance of MSRFT in the field of
motor control, and have made some progress. The method of
FLPF with closed-loop feedback is adopted in [2]. Second-order
Butterworth filter and type Il Chebyshev filter are adopted in [ 14]
and [15]. These methods improve the accuracy of current har-
monic characteristic quantities extraction. But they increase the
complexity of the algorithm to a certain extent. So, strategies to
ensure the accuracy of current harmonic characteristic quantities
extraction without increasing the complexity need to be further
studied.

In terms of current harmonic regulator design, current har-
monic regulators based on repetitive controller, iterative learn-
ing controller, and proportional resonance controller have been
proposed successively [16]-[19]. These kind of regulator can
control the current harmonic. However, the parameters of reg-
ulator often need to be adjusted with harmonic frequency. PI
current harmonic regulator, which direct controls the dc vari-
ables, can avoid this problem [13]-[15]. In the existing PI
current harmonic regulator, the extracted current harmonic char-
acteristic quantities in three-phase coordinate frame are usually
passed through PI to generate the desired voltage harmonic
characteristic quantities, and then the results are injected into
the control system through inverse MSRFT (IMSRFT), so as
to realize the control of current harmonics. However, through
research, we find that due to the lack of accurate understanding
of the mathematical relationship between current harmonic and
voltage harmonic in motor-field-oriented control system, the
existing schemes often control current harmonic harder and less
effective.

In view of this, how to accurately establish current har-
monic calculation model, improve the application performance
of MSRFT in motor control system, and design PI current
harmonic regulator are studied in this article. First, the influence
of voltage harmonics generated by d-axis and g-axis current
controllers on current harmonics in field-oriented control system
is fully considered, and the influence of digital control delay on
the initial phase angle of voltage harmonics output by current
controllers is analyzed for the first time. Based on this, the
calculation model of d-axis and g-axis current harmonics is
derived. Then, the current harmonic extraction method based
on MSRFT is improved to accurately extract d-axis and g-axis
current harmonic characteristic quantities. Finally, according to
the relationship between d-axis, g-axis current harmonics and
voltage harmonics established, a PI current harmonic regulator
based on unified coordinate frame, which adds two parts: cur-
rent harmonic decoupling and voltage harmonic initial phase
angle compensation, is designed. The effectiveness and supe-
riority of the proposed method are verified by simulation and
experiments.
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II. CURRENT HARMONICS CALCULATION CONSIDERING THE
INFLUENCE OF VOLTAGE HARMONICS OUTPUT BY CURRENT
CONTROLLERS AND DIGITAL CONTROL DELAY

A. Mathematical Model of Current Loop in FOC System

In the d—q synchronous frame, the generalized IPMSM stator
voltage equation, which considers the voltage harmonic induced
by permanent magnet harmonic and dead time of the inverter,
can be expressed as

{'Ud_m = Riq + Lapiq — weLqiq + pAq — we/'tq + A'Ud_z
Vgm = Riq + LqPiq + welalq + Phq + wWeka + Avg_.
ey

where vq_p, and vq_n, are the stator voltages in d—-g frame; R is
the stator resistance; iq and iy are the currents in d—q frame; Lq
and L represent the d-axis stator inductance and g-axis stator
inductance, respectively; 1q and A4 are the flux linkages of the
permanent magnet; w is the electrical angular velocity; Avgy_,
and Av,_, represent the voltage harmonics induced by dead
time of the inverter; p is the differential symbol.

In (1), the stator voltages, the d-axis, g-axis currents, perma-
nent magnet flux linkage, and the voltage harmonics induced by
inverter dead time can be expressed as

Vd_m = Ud0_m
+ > Vdk_m = Vdo_m + Y Vak_mC0os(kwet + Pk m)

o = (@)
q_m — Uq0_m
+ E VUgk_m = VUq0_m + Z quimsin(kwet + ¢qk7m)
iq = tqo + E iqk = 40 + Z IdkCOS(kwet + ,Udk) 3)
q = iq0 + Y gk = iqo0 + 2 Lqksin(kwet + pigr)
Ad =2Ado + Y Adk = Ado + D Xarcos(kwet + aar) )
/151 = Aqo + Zlqk = /lqo + Z qusin(kwet + quk)
Avg_, = Avqo_»
+Avdk7Z = Avdoj + Z deLZCOS(kOJet + Udk) (5)
A’Uq_z = A’qu_z

+A’qu_z = A’Uqg_z + Z qu_ZCOS(kwet + Udk)

where v4o_m, Vq0_ms Vdk_m, and vq_m are the dc components
and the kth harmonic components of the d-axis and g-axis stator
voltages of the IPMSM; Vai_m, Vgk_m> @di_m, and ¢qr_m
are the amplitude and initial phase angle of kth harmonics
in d-axis and g-axis stator voltages; iqo and iy are the dc
components in the d-axis and g-axis currents; iyj and iy are
the kth harmonic components in the d-axis and g-axis currents;
lak, Iqk, ftak, and jiqy are the amplitude and initial phase angle
of kth current harmonic components in the d-axis and g-axis
currents; Aqo, Aq0, Adk, and Aqy, are the dc components and kth
harmonic components of permanent magnet flux linkage; xqx.
Xqk» Qdk» and gy, are the amplitude and initial phase angle
of kth permanent magnet flux linkage harmonic components;
AVdo_z, Avgo_z, Avqy_s, and Avgy,_, are the dc components
and kth harmonic components of the voltage harmonics induced
by dead time of the inverter; Vai_,, Vqk_z» 0dk, and oy are
the amplitude and initial phase angle of kth voltage harmonics
induced by dead time of the inverter; k = 6, 12, ....

For field-oriented control system, the actual three-phase cur-
rent of the motor need to be converted into d-axis and g-axis
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current through coordinate transformation, and then the differ-
ence between the transformed values and references is used as
the input of d-axis and g-axis current controllers. Furthermore,
the actual motor current will also be used in the decoupling
terms of d-axis and g-axis current controllers. Because the actual
motor current contains harmonics, the output voltage of d-axis
and g-axis current controllers will contain a certain amount
of harmonics, which is bound to have a further impact on the
current harmonics. The d-axis and g-axis voltages output by the
current controllers, which are composed of PI and feedforward
decoupling term, can be expressed as

Udﬁc:kpd (idref - Z.d)

+kig fot (Gdref — 14)dt — weLqoiq
Vg_c=kpq (igrer — iq)

+kiq fy (igret — iq)dt + weLaoia + wehdo

where vq_. and v . are the d-axis and g-axis voltages, respec-
tively, which current controller output; Lqo and Lyo are the
nominal value of the d-axis and g-axis inductance, respectively;
kpa, kpq, kia, and ki are the proportional terms and integral terms
of PI; igef and igyer are the d-axis and g-axis current references,
respectively.

The d-axis and g-axis voltages, which current controller out-
put, as shown in (6), can be expressed as

(6)

Vd_¢c = Vdo_c
+ > vdkc = Vdo_c + Y, Vak_ccos(kwet + ¢ar_c)
Vg ¢ = VUq0_c

+ > Vgk e = Vg0 ¢ + Y Vak_csin(kwet + dar_¢)

where vqo_c, Vqo_c> Vdk_c, and vqi_c are the dc components
and kth harmonic components of the voltages, which current
controller output; Var_c, Vqr_c, @di_c, and @qi_. are the am-
plitude and initial phase angle of kth harmonics in the voltages,
which current controller output.

Digital control delay is an important reason that lead to the
inconsistency between the voltages output by current controller
and the actual voltages applied to IPMSM. If the voltages output
by current controller are corrected as this, the voltages actually
apply to IPMSM can be consistent with the voltage output by
the controller in fundamental [20]

Vd_com = M [vg_¢ cos(1.5w.T5)
Vg_com = M [Vg_cSIN(1.5weT) + vg ¢ cos(1.5we T
M= 50 50T )]

wely
2sin(0.5w.T%)

where vq_com and vq_com are the d—g axis voltages, which current
controller output, after modified; 75 is the control period.

(7

— vg_csin(1.5weTy)] g

B. Proposed Calculation Model of DQ-Axis Current
Harmonics in FOC System

Through research, we find that the phase angles are still
different between the voltage harmonics output by the d-axis
and g-axis current controllers and the voltage harmonics actually
apply to the IPMSM after aforementioned correction. Taking
d-axis voltage as an example, Fig. 1 is a timing diagram of
current sampling, voltage output of d-axis current controller,
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Fig. 1. Time sequence of current sampling, voltage calculation, and voltage
output.

and voltage apply to the IPMSM. It can be seen from the figure
that when the sampled current is taken as the actual current of
the motor control system, it can be considered that the d-axis
voltage actually applies to the IPMSM lags behind the voltage
output by the d-axis current controller by two control periods.
The relationship between the kth voltage harmonic output by the
d-axis current controller and the kth voltage harmonic actually
apply to IPMSM is as follows:

TS) + ¢dk70)
= de_mCOS(kwet + ¢dk_’m)-

Vak_ccos(kw, (t — 2

(10)

Similarly, the relationship between the kth voltage harmonic
output by the g-axis current controller and the kth voltage
harmonic actually apply to IPMSM is as follows:

qu_csin(kwe (t - QTS) + (bqk’_C) = qu,_msin(kwet + ¢qk¢_m)-
(1)
Based on the aforementioned analysis and Section II-A, the
current loop structure block diagram of IPMSM field-oriented
control system at the level of kth harmonic can be obtained,
as shown in Fig. 2. Taking the sixth harmonic as an example,
the proposed calculation model of d-axis and g-axis current
harmonics is described as follows. Based on the aforementioned
analysis and Fig. 2, the voltage harmonics in the d-axis and
g-axis current loop of the FOC system should be composed of
three parts: voltage harmonics induced by inverter dead time,
voltage harmonics induced by permanent magnet flux linkage,
and voltage harmonics induced by feedforward decoupling in-
complete.
Sixth voltage harmonics induced by the sixth permanent
magnet flux harmonic are expressed as

Avags | _ ;j}t —wehqe | [ Vas_acos(6wet + Sa6)
Avge_a : T2 + Welds Va6_asin(6wet + dq6)
(1
where Vi 5, Vqi_s, a6, and d4¢ are the amplitude and initial

phase angle of sixth voltage harmonics induced by permanent
magnet flux linkage harmonics

Xq68inage+6xd6sinags
|:5d6 — arctan( X6 COS aqgig)(de, COS d6 )
) Xdesinage+6Xxq65inage
q6 arctan( Xd6 COs ade+6Xq6 COS g6 )
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Fig. 2.

Due to the variation of motor parameters in the actual motor
control, the inductance in the feedforward decoupling term will
be different from the actual inductance of the motor. And the
phase error between the feedforward decoupling term and the
actual coupling term in the motor caused by digital control
delay will further aggravate the incomplete decoupling. The
sixth voltage harmonics induced by this can be expressed as

Avge_e and Avqs_. can also be expressed as

|:AUd6e:| _ [VdGeCOS(6Wet + ﬁdG):|

. 14
Avqsie Vqsfesm(Gwet + qu) 14

where Vgs_c, Vy6_e> Bds, and Bqe are the amplitude and initial
phase angle of sixth voltage harmonics caused by decoupling
incompletely

¢TD = 12Tswe

|:Vd6_e:| _ Wqu(S \/Lq2 + Lq02 — 2LquocOS¢TD
Va e welas v/ La® + Lao® — 2LaLaocosér

[@da} [ uas + arctan
ﬁqﬁ
Combing together the voltage harmonics induced by dead

time of inverter, permanent magnet flux harmonics, and incom-
plete feedforward decoupling, the total sixth voltage harmonics

Lgg cos ¢rp—La
—/,Ld6 —+ arCtan(W

Lo cos ¢prp—Lg )
Lqosingtp .

Current loop structure block diagram of IPMSM field-oriented control system.

in IPMSM field-oriented control system can be expressed as

Avq6 = AUQQZ + Avqfu + A’quie = ngsin(&uet + 7q6)
5)
where Vg, Vg6, Va6, and 46 are the amplitude and initial phase
angle of total sixth voltage harmonics.
Basedon (1), (6),(10),(11),and (15), the relationship between
the sixth voltage harmonics and current harmonics in IPMSM
field-oriented control system can be obtained as

{ Avgs = Avge_, + Avge . + Avge e = Vagcos(6wet+yde)

AUdG Ridﬁ (9 )

+1q d'LdG 1d)+k d7fd6( 4 — ¢TD +k1d fO Zd6 Oia — ¢TD)
Avq(; quﬁ(olq)

Lo &) 4 ke (0ig — d1o)+Kiq Ji iq6(8ia — dro)dt
(16)
eid: 6wet+,u/d6
. 17
{ iq= Bwet+[iqs "

Furthermore, the calculation model of the d-axis and g-axis
sixth current harmonics can be obtained, as shown in (18). It
can be seen from it that the amplitudes of d-axis and g-axis sixth
current harmonics are affected by the sixth voltage harmonic
amplitude, PI parameters, inductance parameters, and the speed
of IPMSM.

The traditional calculation model ignores the influence of
voltage harmonics generated by d-axis and g-axis current con-
trollers and digital control delay, and obtains the following

We \/(qusinaqﬁ + 6Xd65inadﬁ)2 + (Xq6 €OS g6 + 6Xd6 €OS ozd6)2

Vae | _
Vq6_k

We \/(Xd6sinad6 + 6xqﬁsinaq6)2 + (Xd6 €0s e + 66 COS aq6)2

Avge_e | weLqgolye sin (6w
Avg e | | weLaolas cos (6we

e (t —2T5) + MqG) -
(t — 2T%) + pag) — WeLalae cos (6wet + fiag)

weLqlqe sin (6wet + fiq6) (13)
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simplified calculation formulas [3]-[7]:

_ Avge s +Avae s

7 —
46 7 /R4 (6weLa)?

qu _ Avge s +Avges
V R?+(6weLg)*
Compared with (18) and (19), it can be seen that the current
harmonic calculation model deduced by this article can com-
prehensively reflect the influencing factors of d-axis and g-axis
current harmonics in IPMSM field-oriented control system.

(19)

III. IMPROVED CURRENT HARMONIC CONTROL STRATEGY

The proposed current harmonic control strategy consists of
two parts: current harmonic extraction method and designing
current harmonic regulator. The proposed method is described
and analyzed as follows.

A. Accurate Extraction Method of D-Axis, Q-Axis Current
Harmonic Characteristic Quantities Based on MSRFT

In order to achieve good performance of current harmonic
control, the accuracy of current harmonic extraction is important.
The sampled phase currents can be expressed as

1a > Iy cos(fwet + 1)
in | = | > Isf cos(f(wet — 2m) + n¢) (20)
ic lef cos(f(wet + §7T) + nf)

where I ; and 7 are the amplitude and initial phase angle of
phase current harmonics; f=1,5,7, 11, 13 ....

Then, the sampled phase currents are passed through fifth
synchronous rotating frame transformation

iggq:IS5 CoS 75
+1I cos(6wet + 1) + Is7 cos(12wet + 17)
+ Is11 cos(6wet + n11) + Is13 cos(18wet + m13) + - - -

ig’nglsg)sinng) — Isysin(6wet + 1) — Lsrsin(12wet + 17)
+Isusin(6wet + 7711) — Islgsin(l&uet + 7]13) + -

(21
Similarly, the sampled phase currents are passed through

seventh synchronous rotating frame transformation

7dq__
ign =Is7 COST)7
—I51 cos(6wet — M1 ) + Iss cos(12wet + 15)
+ Is11 cos(18wet + m11) + Is13 cos(6wet + m13) + - - -
i;ﬁlqugsinm — Igsin(6wet — m1) — Igssin(12wet + 105)
— Iq1sin(18wet + 111) + Ls1ssin(6wet + m13) + - - -

(22)

FLPF can realize the separation of dc and ac. Equations
(21) and (22) are, respectively, passed through FLPF to obtain
the characteristic quantities (Is7cosnz,ls7sinny,lsscosns, and
Is5sinns) of the fifth and seventh harmonics in the three-phase
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Fig. 3. Block diagram of traditional method of current harmonic extraction.

currents. The traditional current harmonic extraction block dia-
gram is shown in Fig. 3.

However, for the motor control system with high current,
the fundamental component in the phase current is far greater
than the harmonic component. And the attenuation of the actual
FLPF to the signal at the cutoff frequency will not be zero,
which makes it difficult to completely eliminate the ac quantities
corresponding to the fundamental current in the phase currents
and affect the extraction of harmonic characteristic quantities.
This is the reason why the current harmonic extraction method
based on MSRFT is difficult to be effectively applied to motor
control system. In order to improve the application performance
of current harmonic extraction method based on MSRFT in
motor control system, an improved current harmonic extraction
method is proposed in this article. This method aims to extract
the sixth d-axis and g-axis harmonic characteristic quantities,
which is based on the accurate extraction of the fifth and seventh
harmonic characteristic quantities of phase currents.

It can be seen from the aforementioned analysis that the
fundamental component of phase currents is the main factor af-
fecting the accuracy of current harmonic characteristic quantities
extraction. In order to ensure that the extracted information is not
affected by them, this article first subtracts the fundamental cur-
rent from phase currents, which are sampled. The fundamental
current can be reconstructed from the d-axis and g-axis current
references, as shown in (23)

Z‘a_fun

; — /52 2

Y_fun | = Ldref + quef
| tc_fun

iqrcf

cos(fe + 5 + arccos(m))
_2pym A
cos(fo — 3T+5 + arccos(\/m))

cos(f + 3m+73 + arccos(—Er))
’Ldref+7‘qref

(23)

where iy _fun, ib_fun, and ic_fun are the fundamental component
of the reconstructed three-phase currents; ig rer and iq ref are
the d-axis and g-axis current references, respectively; 6, is the
position angle.

5c0s (6wt + fiac)

(18)

fe = Vae
a6 ] kid o 2 . kig
(RJrkadCOS(ﬁTD* Bwe smdzTD) +(6weLd7deSIH¢Tuf Bwe COS(z)TD)
. Vis
1q6 = s

e 2
\/(R«kkpqcosz;&mf e:;qe singtp) +(6weLq

—sin(6wet + fiq6)

kig

7k3pq sin ¢rp— Gwe COS¢TD)
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Fig. 4. Block diagram of proposed d-axis and g-axis current harmonic char-

acteristic quantities extraction method.

Then, passing it through fifth synchronous rotating frame
transformation and FLPF, the fifth harmonic characteristic quan-
tities in the phase current can be obtained. The seventh harmonic
characteristic quantities can also be obtained as this.

Furthermore, after the 3/2 coordinate transformation of (20),
the fifth and seventh current harmonics in the phase currents are
shifted into the form of sixth current harmonics in the d—q axis
frame, and the specific relationship can be expressed as

1d6 _ Iz cos(b6wet + 17) + Igs cos(6wet + 15) 24)
146 I7sin(6wet + n7) — Isssin(6wet + 15)

Iy cos pas = Is7 cosny + Iss cosns 25)
Idﬁ sin Hde = IS7SiIl’I77 + IS5Si1’1’I75

Ly6 cos figs = Ig7 cosny — L5 cosns (26)
Iqﬁ sin Hq6 = Is7sinn7 - IS5SiI1775

Equations (25) and (26) describe the relationship between the
sixth harmonic current characteristic quantities in d-axis, g-axis
currents and the fifth, seventh harmonic current characteristic
quantities in phase currents. Combined with the extracted char-
acteristic quantities of the fifth and seventh harmonic currents,
the sixth harmonic characteristic quantities in d-axis and g-axis
currents can be obtained. The block diagram of the proposed
current harmonic characteristic quantities extraction is shown
in Fig. 4.

B. Design of PI Current Harmonic Regulator Based on
Unified Coordinate Frame

The current harmonic regulator is the key to realize that the
motor harmonic current follows the reference. The traditional
PI current harmonic regulator generally generates the desired
sixth voltage harmonic characteristic quantities by passing fifth
and seventh current harmonic characteristic quantities extracted
through four PIs, respectively, and then injects them into the
control system through IMSRFT. Its structure is shown in Fig. 5.
The traditional current harmonic regulator mainly has these
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Fig. 5. Block diagram of traditional PI current harmonic regulator.

1) The fifth and seventh current harmonic characteristic
quantities are the quantities in three-phase coordinate
frame. And sixth voltage harmonic characteristic quan-
tities are the quantities in d—q coordinate frame. In or-
der to control the fifth and seventh current harmonic
characteristic quantities in the d—g coordinate frame, it
is necessary to know the relationship between the fifth,
seventh current harmonic characteristic quantities and the
sixth voltage harmonic characteristic quantities. However,
the mathematical relationship between the variables in
different coordinate frame is difficult to analyze.

2) Because the d-axis and g-axis current controllers are es-
tablished in the d—g coordinate system, it is difficult to
consider the influence of the sixth voltage harmonic output
by the d-axis and g-axis current controllers on the fifth and
seventh current harmonics in phase current.

3) The existing methods do not consider the influence of
digital control delay on the initial phase angle of injected
harmonic voltage.

Equation (16) in Section II-B, which the influence of current
controller and digital control delay takes fully into account,
describes the relationship between the sixth voltage harmonics
and the sixth current harmonics of IPMSM FOC system in d—¢q
coordinate frame. Furthermore, (16) can be expressed as follows,
as shown in (27). The differential term and integral term in it
can be write as

ijd“.os(ﬁdifetww) = —6welaesin(6wet + fide) (28)
oM e  Thg6) qesm(%:e””‘*ﬁ) = 6wely6c08(6wet + fige)

[ Tagcos(6wet + p1ag — d1p)
— L dosin(6wet + pas — o) —
fo qﬁsm( Wet + g6 — H1D)
= é* s(6wet + fiq6 — ¢TD) + W cos(ftq6 — ¢1D)

sin(as — é1o)

problems shown as follow. (29)
Vaecos(6wet+v46) =RI1a6c08(6wet + fag)
+de+kpdjd6005(6wet + ftas — @) +kia f(f Taecos(6wet + pag — ¢rp)dt @7

Vaesin(6wet + vq6) =RIg6sin(6wet + fiqe)

L HaosinOeliptas) L g oesin(6wet + f1qs — ¢1p)+hig fif Tassin(6wet + p1qs — ¢rp)dt
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Take the ac quantity in (29), and then combine (27) and (28)
to obtain

cos Ae sinlAe :
Vascosyae="-"*1a6C0s}1ds + ===+ Laesinfiae

0SYag= %, " LdoC kL (30)
Vagsinyae =4 Lagsinpiag — =% Lag €OS fide
__cosAgq sinAeq .
V46€087q6= 46COSLLg6 + 7o La6Singqe a1
Vosi __cosAgq . sinAey I €Y
q6 SlI'l’)/qﬁ—_l_iq q6S1N g6 — q6 COS g6
Among them
CosBed — R4 k4 oS rp — 2-sing
N pd D ~ Gon " D (32)
sinlAe : i .,
Td:kpd51n¢TD — 6welLq + 60.;1@ cos ¢1p
cos Ae kiq -
— =R+kpq cos ¢1p — ﬁsmqﬁm
singeq —k i 6. L ‘ kig (33)
— = pqSIIl(Z5TD — OWeLg + Boe COS ¢TD

where 7q and 7 are the ratio of the sixth current harmonics
amplitude to the sixth voltage harmonics amplitude; Aeq and
Ag are the difference between the phase angle of sixth voltage
harmonics and the phase angle of sixth current harmonics.

Different from the traditional method of controlling the fifth
and seventh current harmonic characteristic quantities in three-
phase coordinate frame, this article controls the sixth current
harmonic characteristic quantities in d—¢g coordinate frame.
The extracted I45cosiaes, 1a6Sinjide, 1q6C0Siqe, and Iyesingigs
are passed through the PI regulator to generate the desired
voltage harmonics. From (30) and (31), we can clearly see
the coupling relationship between the sixth d-axis and g-axis
current harmonic characteristic quantities. Based on the es-
tablished mathematical model, the decoupling can be eas-
ily realized. Moreover, the digital control delay will also af-
fect the initial phase angle of the injected voltage harmonic,
as follows:

{ Va6cosyas=Vascos (vag™ — é1p) (34)

Vassinyas=Vaesin (yas™ — ¢1p)

{ Va6c087q6=V46¢0s (7q6™ — é1p) (35)
Vaosinyge=Veesin (g™ + ép)

In order to avoid this effect, it is necessary to compensate the
initial phase angle of voltage harmonics generated by current
harmonic regulators

Vascosyas ™
= Vaecosyae™ cos(¢drp) — Vaesinyas™ sin(¢rp) (36)
V : IN
deSIN7Yde
= VdGSin’}/dﬁ*COS(quD) + Ve cos 7(16*sin(¢m)
V46C087Yq6™
= V46c08746" cos(@p) — Viesinyge™ sin(¢rp) 37)
V . IN .
q651Yqg6
= VQGSiH’YqG*COS(quD) + Vq6 coS Wqﬁ*sin(qu)

The final injected sixth voltage harmonics can be expressed
as

{ Avgg_in=Va6c0s7de" cos(bwet) — Vagsinygs™ sin(6wet)

Avgs_in=Vq6 €08 Vg6 sin(6wet) + Vagsinygs™ cos(bwet) -
(38)
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Fig. 7. Block diagram of the whole proposed control scheme.

The proposed PI current harmonic regulator based on unified
coordinate frame includes two parts: current harmonic decou-
pling and voltage harmonic initial phase angle compensation.
The specific structure block diagram is shown in Fig. 6. The total
current harmonic control block diagram is shown in Fig. 7.

C. PI Parameter Design Principle and Analysis of Proposed
Current Harmonic Regulators

As an example, the PI parameter design principle of the
current harmonic regulators is analyzed with the d-axis current
harmonic characteristic quantity (/ygcosuqs). According to the
mathematical relationship between d-axis voltage harmonics
and d-axis current harmonics of [IPMSM FOC system and the
proposed current harmonic regulator, Fig. 8(a) and (b) shows the
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Fig. 8. Structural block diagram of d-axis current harmonic regulation system and equivalent control loop. (a) d-axis current harmonic regulation system.

(b) Equivalent control loop.

structural block diagram and equivalent control loop diagram of
the d-axis current harmonic regulation system, respectively. In
current harmonic regulation system, [IPMSM FOC system is the
controlled object.

The PI transfer function of Iggcosuge regulator can be ex-
pressed as

kiae
GPI (S) - kpdG_cos + ﬂ~

(39)
Combined with Fig. 8(b) and (32), the open-loop transfer
function of /45cospqe control loop can be obtained

27"'fcut kpd_cos S+ 27"'fcut kid_cos

<R+kpd COS G — 6’2‘“8 sinqSTD) (82 + 27 few$)

(40)
where kpq cos and kig_cos are the PI parameter of IqcoSitae
regulator; f.,¢ is the cutoff frequency of a FLPF for current
harmonic characteristic quantities extraction.

In order to investigate the effect of kpq cos and kig_cos ON
the regulation of /q5c0s/46, the open-loop bode diagram and
closed-loop unit step response curves of /qgcositqg control loop
with different kpq cos and kiq cos at 1000 r/min are drawn,
respectively, as shown in Figs. 9 and 10. The corresponding
parameters of the [IPMSM FOC system are shown in Table I.

As can be seen from the amplitude-frequency characteristic
curve in Fig. 9, as the increase of k,q cos, the phase angle
margin also increases, indicating that the stability of the system
becomes better. It can also be seen from the closed-loop step
response curve that a small k,q_cos Will cause the shock of the
current harmonic regulation system. With the increase of kpq_cos,
the system shock decreases and the system stability becomes
stronger. Moreover, with the increase of kpq cos, the cutoff
frequency of system increases, the system rapidity increases. But
the adjustment time will increase. Therefore, when the system
oscillates, kpq_cos should be increased, and when the system
adjustment time is long, k,q_cos should be reduced. In the current
several sets of k,q_cos, 1.0 is the optimal.

Fig. 10 is the amplitude—frequency characteristic curve and
closed-loop step response curve of Iggcospuqe control loop at
different kig cos- As can be seen from amplitude—frequency
characteristic curve, with the increases of kiq cos, the slope,
which is near the cutoff frequency, increases. So, the rapidity
of the system increases. As can be seen from the closed-loop

Gop (5)

Bode Diagram
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£y
b= =501
Frii
-100— —
0 T T T T
™ kpd(i_ cos_f 5.0 . [
L A5 koo o 30 N
2 90 ; f)
£ : : : :
-135f ksao sos= 025 : B §
p:d(_ : o kpde o= 0.1
2180 it il il VNG WG feiiil i il
107! 10° 10" 10° 10° 10* 10°
. Frequency (rad/s)
% li2 Kpag co™ __if‘ud_(‘_csf_g_-l_ _____ 45 _______ 45 ________
i — I |
E 1 ....... : ; : ;
L i I e
=] I | | |
3 fepas wos= 10 - === e S IR
S I b ] I R R
R~ I i | i I
(=9 | | | | |
L o= === === |- —————= A-—————= A--—-==--
7 ! i i ! !
0.1 0.2 0.3 0.4 0.5 0.6
Time (s)

Fig.9. Bode diagram and unit step response curve of Iqgcosuqe control loop
at different kjd6_cos and kidg_cos = 10.0.

step response curve, with the increase of kiq_cos, the rise time of
the system decreases and the rapidity of the system increases.
Therefore, kiq_cos should be increased when the rise time of the
system is long.

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation for Calculation Model of the Sixth D-Axis and
Q-Axis Current Harmonics

Due to the influence of simulation step size, when the dead
time is set in the simulation, it is difficult to accurately determine
the specific value of d-axis and g-axis voltage harmonics induced
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Fig. 10.  Bode diagram and unit step response curve of Iqgcosptde control loop

at different kijq6_cos and kpde_cos = 1.0.

into the IPMSM FOC system. For simplicity, in order to verify
the accuracy of the current harmonic calculation model proposed
by this article, the simulation is built in MATLAB/Simulink in
the absence of dead time. The parameters of IPMSM are given
in Table I.

In the simulation, the torque reference is 72 N-m. Without
setting the dead time of inverter, sixth voltage harmonics with
amplitude of 5 and 10 V are added to the d-axis and g-axis current
loops, respectively, and the speed is set to 500, 1000, 2000, and
3000 r/min. Then, the simulated d-axis and g-axis currents are
analyzed by Fourier transform and the magnitudes of the sixth
current harmonics are obtained. The results of Fourier analysis,
the calculation formula proposed by this article [see(18)], and
the traditional calculation formula [see(19)] are compared. The
comparison results are shown in Fig. 11. It can be seen from
the figure that the result calculated by (18) is close to the actual
result, whereas the result calculated by (19) is far from the actual
result. Furthermore, the calculation results without considering
the digital control delay are compared. It can be found that
without considering the digital control delay, the calculation
results will deviate from the Fourier analysis results.

Through the aforementioned comparison, it can be seen that
the current harmonic calculation model proposed by this article
considers the influence of voltage harmonics output by d-axis
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TABLE I
PARAMETERS OF IPMSM

Paramerters Symbol Value Unit
Pairs of poles np 4 --
Permanent magnet flux At 0.038749 Wb
Phase resistance R 0.03 Q
d-axis inductance Ly 0.1049 mH
q-axis inductance Ly 0.3453 mH
Rated speed n 3000 r/min
Rated torque Tn 72 Nm
Rated voltage Ux 320 A\
Control period T 0.1 ms
Cut-off frequency Jeu 5 Hz
Current loop bandwidth ~ fy 300 Hz
oo, .-
Integration of d-axis o 2R _

current controller

mm FFT 1 Calculated by Eq.(18)

mm Calculated by eq.(19) mm Calculated by Eq.(18) and ¢rp=0
20

15

Lans(A)
=)

500

1000 2000 3000
n(r/min)

500

1000 2000 3000
n(r/min)

Lane(A)

500 1000 2000 3000 500 1000 2000 3000
n(r/min) n(r/min)
() (d)

Fig. 11. Comparison of sixth d-axis, g-axis harmonic current amplitudes are
calculated by proposed calculation method and traditional calculation method.
(a) Vane =5 V. (b) Vqne =5 V. (¢) Vane = 10 V. (d) Vgne = 10 V.

and g-axis current controllers and digital control delay, so it has
better accuracy than the traditional calculation method.

B. Simulate Verification for PI Parameter Design of Proposed
Current Harmonic Regulators

In order to verify the design guidelines of current harmonic
regulator parameters designed in this article, the following sim-
ulation verification is carried out. The dead time of inverter is
set to 2.6 us in simulation. For comparison with Figs. 9 and
10, the current harmonic regulator of d-axis current harmonic
characteristic quantity (/3gcosjiqe) is also taken as an example.
In simulation, the speed of IPMSM is 1000 r/min, the torque
reference is 30 N-m, and the reference of /45cospiq6 is set to 0.
When kiq_cos 18 set as 10.0, kpq_cos 18 setas 0.1, 0.5, 1.0, 3.0, and
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Fig. 12.  Step response simulation waveform of /ggcosptqe under different PI
current harmonic regulator parameters. (a) kiq_cos = 10.0, kpq_cos = 0.1, 0.5,
1.0, 3.0, 5.0. (b) kpd_cos = 1.0, kig_cos = 0.1, 0.5, 1.0, 5.0, 10.0.

5.0, successively. Step response waveform of /j5cospigs under
different kpq_cos is shown in Fig. 12(a). Then, when kpq_cos 18 set
as 1.0, kig_cos 1s set as 0.1, 0.5, 1.0, 5.0, and 10.0, successively.
Step response waveform of /jgcosptge under different kig_cog 1S
shown in Fig. 12(b).

As can be seen from Fig. 12, a small kpq cos Will cause
the shock of the current harmonic regulation system. With the
increase of kpq_cos, the system shock decreases; with the increase
of kpd_cos. the rise time decreases and the adjustment time
increases. Increasing kiq_cos i beneficial to improve the rapidity
of the system. The simulation results are consistent with the
closed-loop step response curves in Figs. 9 and 10.

C. Experimental Verification of Proposed Current Harmonic
Characteristic Quantities Extraction Method

To verify the feasibility of the proposed methods, an experi-
mental system shown in Fig. 13 is set up. The experimental test
bench consists of a dynamometer, a dc power supply, an inverter,
and a control unit, which is built by DSP(TMS320F28335).
Besides, the dead time of inverter is set as 2.6 us. The sampling
frequency and carrier frequency of the control system are both
10 kHz. The vibration on the motor shaft is measured by a
noncontact rotating laser vibrometer (RLV-5500).

Figs. 14 and 15 show the experimental waveforms of the tra-
ditional current harmonic extraction method based on MSRFT
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Fig. 14.  Extraction results of current harmonic at 100 r/min, T _ref = 30 N-m.
(a) d-axis and g-axis currents. (b) Fifth, seventh current harmonic charac-
teristic quantities are extracted by the traditional method. (c) Fifth, seventh
current harmonic characteristic quantities are extracted by the proposed method.
(d) Sixth current harmonic characteristic quantities are extracted by the proposed
method.

and the proposed d-axis and g-axis current harmonic extraction
method based on MSRFT at 100 and 3000 r/min, respectively.
It can be seen from them that the fifth and seventh current
harmonics characteristic quantities extracted by the traditional
current harmonic extraction method contain ac components,
which is especially serious at low speed. The proposed current
harmonic extraction method can extract the current harmonic
characteristic quantities well at both low speed and high speed.
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Fig. 15. Extraction results of current harmonic at 3000 r/min, T¢ ref =

30 N-m. (a) d-axis and g-axis currents. (b) Fifth, seventh current harmonic
characteristic quantities are extracted by the traditional method. (c) Fifth, seventh
current harmonic characteristic quantities are extracted by the proposed method.
(d) Sixth current harmonic characteristic quantities are extracted by the proposed
method.

Therefore, the proposed method improves the application per-
formance and accuracy of current harmonic extraction method
based on MSRFT in motor control system.

D. Experimental Verification of Proposed Current Harmonic
Regulator Based on Unified Coordinate Frame

Fig. 16is the experimental verification results for PI parameter
design of proposed current harmonic regulators. The experimen-
tal conditions are consistent with the simulation conditions in
Section IV-B. As can be seen from Fig. 16, a small kpq_cos Will
cause the shock of the current harmonic regulation system. With
the increase of kg cos, the system shock decreases; with the
increase of kpq_cos, the rise time decreases and the adjustment
time increases. Increasing kiq cos is beneficial to improve the
rapidity of the system. The experimental results are consistent
with the simulation results in Fig. 12. Therefore, the parameter
design principle given in this article can be a good guide to the PI
parameter design of proposed current harmonic regulator based
on unified coordinate frame.

In order to verify the control effect of the proposed current
harmonic regulator on current harmonic, the following experi-
ments are carried out. The current harmonic extraction method
used in this experimental part is proposed by this article. Because
the permanent magnet flux of IPMSM used in the experiment
does not contain fifth and seventh harmonics, in order to reduce
torque ripple and motor loss, the current harmonic should be
controlled to zero.
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Fig. 16.  Step response experimental waveforms of 7q6cosiqe under different
PI current harmonic regulator parameters. (a) kid_cos = 10.0, kpd_cos = 0.1,
0.5, 1.0, 3.0, 5.0. (b) kpd_cos = 1.0, kid_cos = 0.1, 0.5, 1, 5, 10.

When the motor speed is 100 r/min and the torque changes
from O to 30 N-m and then to 72 N-m, the current harmonic
characteristic quantities of IPMSM FOC system without har-
monic current regulators are shown in Fig. 17(a). The control
effect of the traditional PI current harmonic regulator on the
current harmonic is shown in Fig. 17(b). It can be seen from
the figure that under this working condition, /,7sinn; are out of
control. So, traditional PI current harmonic regulator is difficult
to effectively control the current harmonic. Fig. 17(d) shows the
control effect of proposed PI current harmonic regulator based
on unified coordinate frame on current harmonic. It can be seen
that proposed PI current harmonic regulator based on unified
coordinate frame can control the current harmonic effectively.

When the motor speed is 3000 r/min and the torque changes
from O to 30 N-m and then to 72 N-m, the control effect of the
traditional PI current harmonic regulator on the current harmonic
is shown in Fig. 18(b). It can be seen from the figure that
under this working condition, Is5cosns, Is5sinns, Is7cosny, and
Is7sinn7 are all out of control. So, traditional PI current harmonic
regulator is difficult to effectively control the current harmonic
at high speed. Fig. 18(d) shows the control effect of proposed
PI current harmonic regulator based on unified coordinate frame
on current harmonic. It can be seen that proposed PI current har-
monic regulator based on unified coordinate frame can control
the current harmonic, effectively.
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Fig. 17. Experimental results of current harmonic regulator at 100 r/min, 7 _yer = 3072 N-m. (a) Without harmonic current regulator. (b) Traditional PI current
harmonic regulator. (c) Proposed PI current harmonic regulator based on unified coordinate frame unconsidering ¢Tp. (d) Proposed PI current harmonic regulator
based on unified coordinate frame.
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Fig. 18.  Experimental results of current harmonic regulator at 3000 r/min, T¢_ref = 3072 N-m. (a) Without harmonic current regulator. (b) Traditional PI current
harmonic regulator. (c) Proposed PI current harmonic regulator based on unified coordinate frame unconsidering ¢Tp. (d) Proposed PI current harmonic regulator
based on unified coordinate frame.
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Field-oriented control results of angular acceleration and currents at 2500 r/min. (a) Without current harmonic regulator. (b) With traditional PI current

harmonic regulator. (c) With proposed PI current harmonic regulator based on unified coordinate frame unconsidering ¢Tp. (d) With proposed PI current harmonic

regulator based on unified coordinate frame considering ¢p.

By comparing Fig. 17(b) and Fig. 18(b), it can be seen
that under different working conditions, the uncontrolled cur-
rent harmonics in the traditional PI current harmonic regulator
will change, thus increasing the control uncertainty. Comparing
Fig. 17(c) with Fig. 18(c), it can be seen that if the initial phase
of the voltage harmonic output by the current harmonic regulator
is not compensated, the control of the current harmonic will fail
at high speed.

In order to further verify the improvement effect of the
proposed current harmonic regulator on motor torque ripple,
the following experiments are carried out. The vibration on the

motor shaft is measured by a noncontact rotating laser vibrome-
ter (RLV-5500). The vibration meter is composed of sensor head
(RLV-500) and signal processor (RLV-5000). The sensor sends
out two parallel laser beams to hit IPMSM shaft. The returned
laser beam is processed by a signal processor. Finally, the angular
acceleration amplitude at different frequencies is observed by
the host computer, so as to reflect the ripple of torque.

Fig. 19 shows the three-phase current waveforms, phase cur-
rent Fourier analysis results, and vibration spectrum on the motor
shaft under different control strategies when the motor speed is
600 r/min. Fig. 19(a) shows the results of field-oriented control
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without current harmonic regulator. Fig. 19(b) shows the results
of field-oriented control with traditional PI current harmonic
regulator. Fig. 19(c) shows the results of field-oriented control
with proposed PI current harmonic regulator based on unified
coordinate frame unconsidering ¢rp. Fig. 19(d) shows the re-
sults of field-oriented control with proposed PI current harmonic
regulator based on unified coordinate frame considering ¢p.
Similarly, Fig. 20 shows the three-phase current waveforms,
phase current Fourier analysis results, and vibration spectrum
on the motor shaft under different control strategies when the
motor speed is 2500 r/min.

By comparing Fig. 19(a), (b), and (d) and Fig. 20(a), (b), and
(d), it can be seen that under the traditional PI current harmonic
regulator, the current harmonic is difficult to effectively follow
the references (0), and the vibration on the motor shaft is dif-
ficult to be effectively reduced. The current harmonic regulator
based on unified coordinate frame proposed by this article can
effectively reduce the vibration on the motor shaft. In other
words, the motor torque ripple is effectively reduced. Comparing
Fig. 19(c) with Fig. 20(c), it can be seen that if the initial phase of
the voltage harmonic output by the current harmonic regulator
is not compensated, the control of the current harmonic will
fail at high speed. The vibration on the motor is difficult to be
effectively reduced.

The aforementioned experiments show that the traditional PI
current harmonic regulator is difficult to effectively control the
current harmonic, and the PI current harmonic regulator based
on the unified coordinate frame designed by this article can
effectively control the current harmonic. Digital control delay
will affect the initial phase angle of voltage harmonics output
by current harmonic regulator, and then affect the control of
current harmonic. Therefore, it is necessary to compensate the
initial phase angle of voltage harmonics in the design of current
harmonic regulator. Through the effective control of current
harmonics, the torque ripple of the motor can be reduced.

V. CONCLUSION

In this article, the mathematical model of d-axis and g-axis
current harmonic of IPMSM and the control of current harmonic
are studied. The work content is mainly reflected in the following
aspects.

1) The influence of voltage harmonics generated by d-axis
and g-axis current controllers on current harmonics in
field-oriented control system is fully considered and the
influence of digital control delay on the initial phase angle
of voltage harmonics output by d-axis and g-axis current
controllers is also analyzed for the first time. On this basis,
an accurate calculation model of d-axis and g-axis current
harmonics in field-oriented control system is derived.

2) An improved current harmonic extraction method based
on MSRFT is proposed. The application performance and
accuracy of current harmonic extraction method based on
MSRFT in motor control field are improved.

3) Based on the established current harmonic calculation
model, a PI current harmonic regulator based on unified
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coordinate frame is designed. This current harmonic reg-
ulator includes current harmonic decoupling and voltage
harmonic initial phase angle compensation. Compared
with the traditional PI current harmonic regulator, the
current harmonic regulator proposed by this article can
realize the effective control of current harmonic.

The current harmonic regulator designed in this article can be
used for torque ripple suppression, current harmonic suppres-
sion, sensorless control of high-frequency signal injection, and
other occasions that need accurate control of current harmonic.
It provides a good current harmonic control method.
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