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Abstract: In order to solve the problem that the three-phase current of the interior permanent magnet
synchronous motor (IPMSM) contains the 11th and 13th current harmonics, a multiple synchronous
rotating frame transformation (MSRFT)-based current harmonic suppression method is established.
Firstly, the influencing factors of current harmonics in IPMSM vector control are analyzed, and
the influence mechanism of the inverter’s dead-time effect and the permanent magnet flux linkage
harmonics on the current harmonics is described. Secondly, a simple current harmonic extraction
method is proposed by optimizing the traditional current harmonic extraction method based on
MSREFTs. The proposed method achieves the accurate extraction of the current harmonic components.
Thirdly, a harmonic voltage generation method is established and is combined with the proposed
current harmonic extraction method to form a current harmonic suppression strategy. Finally, the
feasibility and effectiveness of the proposed method are verified via MATLAB/Simulink simulations
and experiments. The simulation and experimental results show that the proposed current harmonic
extraction method can extract the current harmonic components accurately, and the proposed current
harmonic suppression strategy can suppress the 11th and 13th current harmonics effectively.

Keywords: interior permanent magnet synchronous motor (IPMSM); vector control; multiple syn-
chronous rotating frame transformation (MSRFT); current harmonic suppression

1. Introduction

Interior permanent-magnet synchronous motors (IPMSMs) are widely used in electric
vehicle drive systems due to their compact structure, high power density, and wide field-
weakening range. Ideally, the phase currents of the motor should be standard sinusoidal
waveforms. However, in the actual operation of an IPMSM, the nonideal factors will
cause the phase current of the motor to contain certain harmonics that will cause torque
fluctuations and unnecessary motor losses. It is very important to effectively suppress the
current harmonics to ensure the steady-state operation quality of the IPMSM.

The essential cause of the current harmonics is the nonsinusoidal voltage, while the
nonlinearity of the inverter and the nonsinusoidal permanent magnet flux linkage are
the important reasons for the existence of harmonics in the voltage. The existing current
harmonic suppression strategies are mainly divided into two categories.

The first type of strategy is used to construct current controllers with harmonic sup-
pression. Some scholars have constructed current controller structures with a repetitive
controller and a PI controller in parallel to suppress the current harmonics of a specific
order [1-3]. Similarly, some scholars have applied proportional resonance controllers to
achieve the suppression of main-frequency current harmonics [4-6]. This kind of control
method can effectively suppress the current harmonics of a specific order. However, the
coefficients of the controller often need to be adaptively adjusted with the speed, so there
are certain limitations in its application.
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The voltage harmonic injection method is another effective current harmonic sup-
pression method. Some scholars generate harmonic voltages by analyzing the nonlinear
characteristics of the inverter, using online observations of the terminal voltage, a flux link-
age observer, and real-time calculations of the compensation voltage. Then, the harmonic
voltage is injected into the control system to cancel the voltage harmonics caused by the
nonlinearity of the inverter, so as to achieve the suppression of the current harmonics [7,8].
However, these methods can only effectively suppress the current harmonics caused by the
dead-time effect. In addition, some scholars have proposed a current harmonic suppression
strategy based on the adaptive linear neuron method. Two linear neurons are first used to
estimate the 6th current harmonic components and then two linear neurons are used to
generate the injected voltage harmonics [9,10]. This method can effectively suppress the
6th current harmonics, but the algorithm is more complicated.

In recent years, some scholars have proposed a current harmonic suppression strategy
based on multiple synchronous rotating frame transformations (MSRFTs), which consists
of two parts: the current harmonic extraction and voltage harmonic generation. For the
current harmonic extraction part, some scholars convert the three-phase current from an
AC component to a DC component through the same coordinate transformation process
as the current harmonic frequency, and combine the low-pass filter (LPF) to extract the
current harmonic component [11,12]. However, for the high-current motors used in electric
vehicles, the amplitude of the fundamental current is much larger than the harmonic
content. Therefore, it is difficult for the LPF to completely filter out the fundamental current,
which affects the accuracy of the current harmonic extraction. In order to improve the
accuracy of the current harmonic extraction, a closed-loop detection method was proposed
in [13]. This method achieves the accurate extraction of current harmonic components
through the principle of feedback, but the control structure is complicated. An extraction
method based on a type II Chebyshev filter was proposed in [14], but it also increased
the algorithm’s complexity. In order to achieve the fast and accurate extraction of current
harmonic components, the current average method was proposed in [15,16]. However,
the half-wave asymmetry of the input current in the average current value method will
generate an unnecessary integral current and affect the extraction accuracy of the current
harmonic components. For the voltage harmonic generation part, the extracted 5th and 7th
order current harmonic components are usually compared with 0 and then respectively
pass through the PI controller to generate the harmonic voltage. This voltage is injected
into the d-q axis voltage after the inverse MSRFT.

For IPMSMs, the question of how to better suppress the current harmonics is a very
meaningful and challenging task. The 11th and 13th harmonic components in the three-
phase coordinate system of some motors account for the main part. At present, there are
very few papers on this subject. Based on this research background, the suppression meth-
ods of the 11th and 13th current harmonics are studied in this paper. Firstly, the influencing
factors of the current harmonics in the vector control system of the IPMSM are theoretically
analyzed, and the influence mechanism of the inverter dead-time effect and the permanent
magnet flux linkage harmonics on the current harmonics is expounded. Secondly, based
on the MSRFT, the accurate extraction of the 12th harmonic current amplitude in the d-q
axis current is achieved. Thirdly, based on the extracted harmonic current amplitudes, a
harmonic voltage generation strategy is established to achieve the suppression of the 12th
harmonic. Finally, the feasibility and effectiveness of the proposed method are verified via
MATLAB/Simulink simulations and experiments.
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2. Current Harmonic Analysis of IPMSM Vector Control System Considering
Back-EMF Nonsinusoidal and Dead-Time Effects

2.1. IPMSM Harmonic Mathematical Model in Vector Control System

Considering the permanent magnet flux linkage harmonics and the inverter dead-time
effect, the stator voltage harmonics of the IPMSM in the d-q axis coordinate system can be
expressed as:

. ] . dA
Ugh M = Rign + Ld% — WeLqigh + Fdh - we/\qh + Avgno
-’
Avgn
. dign . dAq @
Ugh.M = Righ + Lq—g; + weLqign + ar + weAdh + Avgn2
e —
AUqh]

where vg,_v and vgn v are the sum of all order stator voltage harmonics of the IPMSM
in the d-q axis coordinate system; R is the motor stator resistance value; igy and ig, are
the sum of all order stator current harmonics of the IPMSM in the d-q axis coordinate
system; Aqn and Ag, are the sum of all order permanent magnet flux linkage harmonics
of the IPMSM in d-q axis coordinate system, we is the electrical angular velocity of the
motor; Avgn and Avgn are the voltage harmonics caused by the permanent magnet flux
linkage harmonics; Avgn, and Avgp, are the voltage harmonics caused by the inverter’s
dead-time effect.

2.2. Analysis of Permanent Magnet Flux Harmonics and Current Harmonics

Normally, the permanent magnet flux of the motor is not completely sinusoidal in
the three-phase coordinate system due to the influence of the machining technology of the
motor and the method of wire embedding. Therefore, there are permanent magnet flux
harmonics in the motor. The no-load back-EMF waveform of the tested motor and its fast
Fourier transform (FFT) analysis results are shown in Figure 1.
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Figure 1. Back-EMF waveform and its harmonics spectrum content at no load.
In the three-phase coordinate system, the permanent magnet flux linkages considering
the 11th and 13th harmonics can be expressed as:
Ay Agn cos(nwet + 60y)
Ap| = |Asucos[n(wet — 3m) 4+ 6,] |, n =1, 11, 13 2)
Ac Asn cos[n(wet + 37) + 0,
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where Ag,; and 6, are the amplitude and initial phase angle of the permanent magnet flux
linkage harmonics of each order, respectively.
The transformation matrix used to convert the three-phase coordinate system to the
synchronous rotating coordinate system can be expressed as:
T _ 2| cos(wet)  cos(wet — In)  cos(wet + 3m) 3)
abe/dd ™ 3| _sin(wet) — sin(wet — Zm)  —sin(wet + 3m)

Multiplying Equations (2) and (3), the permanent magnet flux linkage harmonics in
the d-q axis coordinate system can be expressed as:
Adni2| _ [As13cos(12wet + 013) + Asi1 cos(12wet + 611) @)
/\thz /\513 sin(12wet + 913) - )\511 sin(lZaJet + 911)

where Agn12 and Agnp are the 12th permanent magnet flux linkage harmonics in the d-q
axis coordinate system, respectively.
Equation (4) can be further simplified as:

{)\dh12j| _ [thlz cos(12wet + “12)} -
Agh12 Xqn12 Sin(12wet + a1)

where Xdn12, Xqn12, #d12, and aq2 are the amplitude and initial phase angle of the 12th
permanent magnet flux linkage harmonics, respectively.

/\513 sin 913+A511 sin 911 )

Xgh12

igh112 =

igh112 =

. . 2 2|’
s118in 017 — Ag138in013)" + (As11 cos 011 — Ag13 cos 613)

; ; 2 2
e \/ (Xgh12 Sinaq12+12Xdn12 Sin&d12) "+ (Xqh12 €08 #q12+12Xdn12 €OS Xd12)

)\513 sin 913 7)\511 sin 911 )

44
ah12 As13 cos 13— Ag11 cos 17

arctan(

{dez} _ \/ (Ast1sin i1 + Agi3 sin63)” + (Asi1 cos 011 + Agi3 cos fy3)° [admz] _ arctan(— 22 o s
Jo

In the d-q axis coordinate system, the 12th current harmonic caused by the permanent
magnet flux linkage harmonics can be expressed as:
{idh112:| _ {Idhllz sin(12wet + lez)} ©)
igh112 Igh112 cos(12wet + piq12)

where Ign112, Ign112, #d12, and piq12 are the amplitude and initial phase angle of the 12th
voltage harmonics caused by the permanent magnet flux linkage harmonics, respectively.

Without considering the voltage harmonics caused by the dead-time effect, by substi-
tuting Equation (5) into Equation (1), the relationship between the 12th current harmonics
and the permanent magnet flux linkage harmonics can be expressed as:

5 ; 2
e \/ (12X gn12 Sin aq12 +Xdn12 Sin@d12) "+ (12X gh6 COS K12+ X dhe COS Ad12)

oL sin(12wet + Hq12)

@)

2
N cos(12wet + pq12)
eLq

2.3. Analysis of the Inverter’s Dead-Time Effect and Current Harmonics

The switching state of the upper and lower bridge arms of the A-phase of the inverter
is shown in Figure 2. The dead time is often set to prevent the straight-through effect of the
upper and lower bridge arms. In the d-q axis coordinate system, the voltage error caused
by the inverter dead-time effect can be expressed as:

—siny — OXO: {Sin[ﬂ(wet‘l”)’)*’y] n sin[n(wet+7)+7] }

[Avdhz] _ 4Vead n=6k -l e ®
Avghy 2 fcosllwer+n)—1] _ cosl(wer-+)+1]
cosy — Y. T T

n=6k
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where V40,4 is the voltage loss caused by the inverter dead-time effect; y is the angle
between the current vector and the g-axis; k=1,2,3....
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Figure 2. Schematic diagram of the inverter’s dead time: (a) structural diagram of the A-phase bridge
arm; (b) switch tube signal waveform and output voltage waveform.

The 12th voltage harmonics caused by the inverter dead-time effect can be expressed as:

[Avdhzu} _ 4AVyead )

11
AvthlZ - - _cos(12wet+117)

11 +

_ sin(12wet+117y)  sin(12wet4137)
13

cos(12wet+137)
13

where Avgno1 and Avgny» are the 12th voltage harmonics caused by the inverter dead-time
effect in the d-q axis coordinate system, respectively.
Equation (9) can be further simplified as:

[Avth12:| _ {thzu sin(6wet + ¢d12)} (10)
Avgno12 V212 €0s(6wet + ¢q12)

where V12, Vgno12, Pa12, and @q12 are the amplitudes and initial phase angles of the 12th
voltage harmonics caused by the inverter dead-time effect, respectively.

Vgho12

|:th212:|  4Viead \/(13 sin117 + 11sin137)? 4 (13 cos 117 + 11 cos 137)? {4’dh12] _ { arctan(—11113:;31 %?ﬂg Zg;llllzy)
143m \/(13 sin11y — 11sin 137)? + (=13 cos 117 + 11 cos 137)?

11sin 1g'yfl3 sin 11y ) ’

$Pqn12 arctan(— {7 o5 137 T3 cos T

In the d-q axis coordinate system, the 12th current harmonics caused by the dead-time effect of the
inverter can be expressed as:

{idmlz} _ {Idhzu sin(12ewet + ‘Tdh12)} (11)
ign212 Iqh212 €08(12wet + Tgn12)

where Igno12, Igno12, 0q12, and oq1p are the amplitudes and initial phase angles of the 12th current
harmonics caused by the inverter dead-time effect, respectively.

It is assumed that the coupling of the harmonic current is well decoupled by the feedforward
decoupling, so only the voltage harmonics caused by the dead-time effect are analyzed. Substi-
tuting Equations (10) and (11) into Equation (1), the current harmonic calculation formula can be
expressed as:

igho12 = ——222— sin(12wet + gn12)
R2+(12weLg)? (12)

Vgn212

Rt (12l )2 COS(lzwef + O'thz)
e=q

igh212 =

3. The Proposed Current Harmonic Suppression Strategy

In order to suppress the current harmonics excellently, the accuracy of the current harmonic
extraction is particularly important. An LPF is commonly used to extract the current harmonics. The
traditional current harmonic extraction method is shown in Figure 3.



World Electr. Veh. ]. 2022,13,194

6 of 14

Ia 1 I
- Igh' 94 s11COSI]11
it » ABC »

) >
. > idhl 1dq FLPF I
fe > 1dq > Isnsinnn

Iqh13dq I 12
M ABC 1 o s13COSN13
” >
> I‘dhwdq FLPF >
L, /13dq > IBES I

Figure 3. Block diagram of the traditional method of current harmonic extraction.

After the 11th and 13th coordinate transformation of the three-phase current, the fundamental
component of the three-phase current will appear as the 12th harmonic component, while the
11th and 13th harmonics of the three-phase current will appear as the DC component. Since the
amplitude of the 12th harmonic component in the current obtained after the 11th and 13th coordinate
transformation is much larger than that of the DC component, the amplitude of the 12th harmonic
component after being filtered by the LPF is still not negligible compared to the DC component.
Therefore, it is difficult to accurately extract the harmonic current using traditional methods. In order
to improve the accuracy of the harmonic current extraction, PI-based closed-loop control methods or
other complex filter methods have been proposed by some scholars, but this undoubtedly increases
the complexity of the algorithm.

In order to extract the harmonic components of the phase current simply and accurately, a
current harmonic extraction method based on MSRFTs is proposed in this paper. The motor phase
currents considering the 11th and 13th harmonics can be expressed as:

Isn cos(nwet + 1)

ia
ip| = | Isn cos[n(wet — %7‘() +14]|,m=1,11, 13 (13)
le Isy cos[n(wet + %n) + 1)

where i, 1}, and i. are the three-phase currents; I, and 7, are the amplitude and initial phase angle
of each harmonic order in the phase current, respectively.
After Equation (13) is transformed by Equation (3), the three-phase current can be expressed as:

{idmz] _ {1513 cos(12wet +113) + Ls11 cos(12wet + 7711)] (14)
Igh12 Is13 sin(lZwet + 1713) — Is11 sin(lZwet + 1111)

where ign12 and iqh12 are the 12th current harmonics in the d-q axis coordinate system, respectively.
Equation (15) can be further simplified as:

|:idh12] _ |:Idh12 cos(12wet + ﬁdu)} (15)
igh12 Ign12 sin(12wet + Bq12)

where Iqn12, Iqn12, Bd12, and Bqi are the 12th current harmonic amplitudes and initial phase angles
in the d-q axis coordinate system, respectively.

. . 2 2 513 sin 13+ Ls11 sin g
{Idhlz B \/(ISH sin1 + Isizsinniz)” + (Is11 cos 711 + L3 cos 113) Bani2] arctan(— 1 o5y Ty cos iy )
Toh12 B . . ) 21" |Ban12 o 513 sin 113 — Is11 sin
4 \/(1511 sin#yy — Is13sinn13)” 4 (Is11 cos 1y — Is13 cos7713) 4 arctan( 1255y =T cos )

Equation (15) describes the relationship between the 12th harmonic current and the 11th and
13th harmonics in the phase current in the d-q axis coordinate system.

The current harmonic extraction method proposed in this paper is shown in Figure 4. Firstly,
the fundamental phase current is reconstructed from the d-q axis reference currents. Secondly, the
fundamental phase current in Equation (13) is subtracted to obtain the harmonic components in the
three-phase current. Thirdly, the obtained harmonic components are subjected to the coordinate
transformation shown in Equations (16) and (17). Finally, after filtering the result obtained by the



World Electr. Veh. ]. 2022,13,194 7 of 14

coordinate transformation, the 12th current harmonic components shown in Equations (18) and (19)
can be obtained.

1 _2 cos(11wet) cos[11(wet — %n)] cos[11(wet + %ﬁ)] (16)
abe/dq ™ 3| _gin(11wet) — sin[11(wet — im)]  —sin[11(wet + )]
13 _2 cos(13wet) cos[13(wet — 3m)] cos[13(wet + 37)] 17)
abe/dd 3 | _gin(13wet)  — sin[13(wet — 2m)]  —sin[13(wet + )]
{Idmz cos ﬁdu] _ {1511 cos 11 + Is13 cos ’713} (18)
Iqh12 8in Ba1n L1 sinyjiy + Ias sinis
[Idhlz cos ,Bq12:| _ [1511 cos 11 — 13 cos 7713} (19)
Iqh12 8in Bqi2 Is11 sinnj11 — Iz sinia
Ia fqh 114 . lanacosrdiz
- ?__J@\ ABC Iqh 1 lelCObl}l; dh12COS [1d1
i _‘{@ > q janiidq| FLPF » Lani2singidiz
< i 1dg Lnsing >
4 ! ST Bg (18)
i Taref [Tbref{fere
1dref, 13dg
2l dg I Lscosiis Eq.(19) | Iniacospqnz
i 4 12dg ¢ Iqni2sinuqr2
0. jant3da | FLPF > 1 tq
—f /abc 3dq Lassinmi
Currennt
Reconstruction

Figure 4. Block diagram of the proposed method of current harmonic extraction.

After passing the extracted current harmonic components through the desired voltage harmonic
generation module as shown in Figure 5, the voltage required to suppress the current harmonic to 0
can be generated. The whole block diagram of the current harmonic suppression strategy is shown in

Figure 6.
»cos(12m. 1
S PI (12w,1)
Iani12c0sfd12 + Avdi12_in
[an12sinfai2 B
+ :
0 - PI »sin(12aw,1)
S PI |—>51n(l2a)e/)
Iqn12cosPqr2 + Avq12_in
Iqh]lZSinﬁqlE +
+ .
0 PI »cos(12a,1)

Figure 5. Block diagram of the expected voltage harmonic generation.
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Figure 6. Block diagram of the whole proposed control scheme.

4. Simulation Results

In order to verify the effectiveness of the proposed strategy, the simulation verification is carried
out on the MATLAB/Simulink platform. The parameters of the IPMSM and controller are shown in
Table 1.

Table 1. The parameters of the IPMSM and controller.

Parameters Symbol Value
Pole pairs np 4
Permanent magnet flux linkage Ag 0.038749 Wb
Stator resistance Rs 0.003 Q)
d-axis inductance Lq 0.1099 mH
g-axis inductance Lq 0.3453 mH
Rated speed n 3000 rpm
Rated torque N 72 Nm
Rated voltage Un 320V
Rated current IN 180 A
Control frequency fs 10 kHz

4.1. Simulation Results for the Proposed Harmonic Extraction Method

For motor speeds of 100 rpm and 3000 rpm and a load torque of 30 Nm, the results of the 12th
current harmonic components extracted by the traditional method are shown in Figure 7. In the
simulation, the cutoff frequency of the FLPF is 2 Hz.

It can be seen from Figure 7a that when the motor speed is low, the current harmonic components
extracted by the traditional method contain high-amplitude AC components, so with the traditional
method it is difficult to obtain accurate current harmonic components. It can be seen from Figure 7b
that when the motor speed is high, the amplitude of the AC components in the extracted current
harmonic components is small. This is because the frequency of the AC components in the input
current of the filter is relatively large, and the filter has a strong ability to attenuate high-frequency
signals. However, the filter cannot completely attenuate the signal to 0, so the traditional method still
cannot accurately obtain the current harmonic components when the motor speed is high.

For motor speeds of 100 rpm and 3000 rpm and a load torque of 30 Nm, the results of the 12th
current harmonic components extracted by the proposed method are shown in Figure 8. Likewise,
the cutoff frequency of the FLPF is 2 Hz.
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Figure 7. Simulation results for extracting the 12th current harmonic components using the traditional
method: (a) the motor speed is 100 rpm; (b) the motor speed is 3000 rpm.
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Figure 8. Simulation results for extracting the 12th current harmonic components using the proposed
method: (a) the motor speed is 100 rpm; (b) the motor speed is 3000 rpm.

Comparing Figures 7 and 8, it can be seen that no matter whether the motor runs at low speed or
high speed, the amplitude of the alternating current contained in the current harmonic components
extracted by the proposed method is smaller than that obtained by the traditional method. This is
because the proposed method eliminates the high-amplitude fundamental current in the three-phase
current by reconstructing the input current of the filter. Therefore, the current harmonic components
extracted by the proposed method are more accurate than those extracted by the traditional method.

4.2. Simulation Results for the Proposed Current Harmonic Suppression Strategy

For motor speeds of 100 rpm and 3000 rpm with load torque changes from 0 Nm to 30 Nm and
then to 72 Nm, the d-q axis current waveforms and the 12th current harmonic component waveforms
before and after applying the proposed current harmonic suppression strategy are shown in Figure 9.



World Electr. Veh. ]. 2022,13,194 10 of 14
220, - 220 - 220, - 220,
—_ 1q . Iq . Iq N iq
<110f———=8 R 1] S, S <110} - R <110- A
g0 50— g0 £ 0 f—
= = = \ -
; 4 ; 4 = = ;
GG a R ES Ty S St PR w———— T ) PRI O W
22 T e =2 3 1 5 2 T e 1T 2 3 4 5
Time(s) Time(s) Time(s) Time(s)
10 4 4 4
- Janizcosiz - . . P ey - .
R S O R e L R
§ 0 [ty 50 Z § 0 prrETTT R e e
2 Tawissingirs g P E S Vi = e
5 5t - B G R dh125infdi2 5 N TacosBin (3 2+ Tamzcosfinz
_ 1 I I _ I 1 ! A I I 1 I _ 1 I I
W12 3 ¢ 5 *0 1 2 3 2 5 H 1 2 3 ¢ 5 H1 2z 3 1 >
Time(s Time(s Time(s Time(s
4 (s) 4 ime(s) 5 (3) 5 (s)
g 2 Tqnuscosfns @ 2 lamzcosfine g 1 e Tanrscosf @ 1 o danaeosf
E V = A . = P z A
gop- -k sor x BOfk g ] B0 ks
= = = Tyhizsinfgi2 =] i
S-2t 1 * S-2F  Lwsinfi St puasinfy St Lippzsiniye
. | I I _ I | ! _ I I | i _ | I I
4 T 2 3 4 5 ¢ T2 3 4 5 20 1 2 3 4 5 2 T 2 3 4 5
Time(s) Time(s) Time(s) Time(s)

C)

(b) (c) (d)

Figure 9. Simulation results for the d-q axis current and 12th current harmonic component: (a) the
motor speed is 100 rpm and the proposed strategy is not applied; (b) the motor speed is 100 rpm and
the proposed strategy is applied; (c) the motor speed is 3000 rpm and the proposed strategy is not
applied; (d) the motor speed is 3000 rpm and the proposed strategy is applied.

It can be seen from Figure 9 that no matter whether the motor runs at low speed or high speed,
after applying the proposed current harmonic suppression strategy, the amplitude of the 12th current
harmonic component can be controlled to 0 under different load torques. This also shows that the
amplitudes of the 11th and 13th harmonic components in the three-phase current are controlled to
be 0.

For a motor speed of 500 rpm and a load torque of 72 Nm, the three-phase current waveforms
and the FFT results of the A-phase current before and after applying the current harmonic suppression
strategy are shown in Figure 10.
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Figure 10. Simulation results for three-phase current waveform and the A-phase current FFT analysis
results when the motor speed is 500 rpm and the load torque is 72 Nm: (a) before applying the
proposed strategy; (b) after applying the proposed strategy.

It can be seen from Figure 10 that when the motor runs at 500 rpm, the amplitudes of the 11th
and 13th current harmonic components decrease from 1.18% and 1.57% of the fundamental amplitude
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to 0.07% and 0.09%, respectively, and the total harmonic distortion (THD) value decreases from 3.21%
t0 2.29%.

The simulation results show that the proposed current harmonic suppression strategy can
effectively suppress the 11th and 13th harmonics in the IPMSM stator three-phase current.

5. Experimental Results

In order to verify the effectiveness and feasibility of the proposed strategy, an experimental
system as shown in Figure 11 was built. The control unit is composed of DSP (TMS320F28335) and
FPGA (EQ1C6Q240C8). The sampling frequency of the control system is 10 kHz, and the motor load

is provided by the dynamometer. The IPMSM and controller parameters are shown in Table 1, and
the dead time is 2.6 ps.

— s AR R
TPMSM

Figure 11. Experimental system.

5.1. Experimental Results for the Proposed Harmonic Extraction Method

For motor speeds of 100 rpm and 3000 rpm and a load torque of 30 Nm, the 12th current
harmonic components extracted by the traditional method and the proposed method are shown in
Figures 12 and 13, respectively. In the experiment, the cutoff frequency of the FLPF was 2 Hz.
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Figure 12. Experimental results for extracting the 12th current harmonic components using the
traditional method: (a) the motor speed is 100 rpm; (b) the motor speed is 3000 rpm.
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Figure 13. Experimental results for extracting the 12th current harmonic components using the
proposed method: (a) the motor speed is 100 rpm; (b) the motor speed is 3000 rpm.

It can be seen from Figure 12 that when the rotational speed is low, the current harmonic
components extracted by the traditional method contain a relatively large AC component. When
the rotation speed is high, the amplitude of the AC component in the harmonic components of the
current extracted by the traditional method is reduced, but it cannot be ignored. It can be seen from
Figures 12 and 13 that the proposed method can accurately extract the current harmonic components
regardless of whether the motor runs at low speed or high speed. This is because the proposed
method reconstructs the input current of the filter, so that the input current of the filter does not
contain a high-amplitude AC component, which fundamentally solves the problem that the filtered
current contains a high-amplitude AC component.

5.2. Experimental Results for the Proposed Current Harmonic Suppresion Strategy

For motor speeds of 100 rpm and 3000 rpm with load torque changes from 0 Nm to 30 Nm and
then to 72 Nm, the d-q axis current waveforms and the 12th current harmonic component waveforms
before and after applying the proposed current harmonic suppression strategy are shown in Figure 14.
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Figure 14. Experimental results for the d-q axis current and 12th current harmonic component: (a) the
motor speed is 100 rpm and the proposed strategy is not applied; (b) the motor speed is 100 rpm and
the proposed strategy is applied; (c) the motor speed is 3000 rpm and the proposed strategy is not
applied; (d) the motor speed is 3000 rpm and the proposed strategy is applied.

It can be seen from Figure 14 that no matter whether the motor runs at low speed or high speed,
after applying the proposed current harmonic suppression strategy, the amplitude of the 12th current
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harmonic component can be controlled to 0 under different load torques. This also shows that the
amplitudes of the 11th and 13th harmonic components in the three-phase current are controlled to
be 0.

When the motor speed is 500 rpm and the load torque is 72 Nm, the three-phase current
waveforms and the FFT results of the A-phase current before and after applying the current harmonic
suppression strategy are shown in Figure 15.
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Figure 15. Experimental results for three-phase current waveform and the A-phase current FFT
analysis results when the motor speed is 500 rpm and the load torque is 72 Nm: (a) before applying
the proposed strategy; (b) after applying the proposed strategy.

It can be seen from Figure 15 that when the motor runs at 500 rpm, the amplitudes of the 11th
and 13th current harmonic components decrease from 0.62% and 0.97% of the fundamental amplitude
to 0.11% and 0.14%, respectively, and the THD value decreases from 2.98% to 2.53%.

The experimental results show that the proposed current harmonic suppression strategy can
effectively suppress the 11th and 13th harmonics in the IPMSM stator three-phase current.

6. Conclusions

Non-ideal factors will cause the IPMSM stator three-phase current to contain some harmonics,
which will cause torque ripple and unnecessary motor losses. In order to solve this problem, a current
harmonic suppression strategy based on multiple synchronous rotating frame transformations is
proposed in this paper. The main contributions of this study are as follows:

1.  The influencing factors of the current harmonics in the IPMSM vector control system were
theoretically analyzed, and the influence mechanism of the inverter dead-time effect and
permanent magnet flux linkage harmonics on current harmonics was expounded;

2. Based on the MSRFT, a simple current harmonic extraction method was proposed. The proposed
method can accurately extract the 12th current harmonic components in the d-q axis current
without increasing the difficulty of the algorithm;

3. Based on the extracted harmonic current components, a harmonic voltage generation strategy
was established, and a current harmonic suppression strategy was formed with the proposed
current harmonic extraction method;

4. The feasibility and effectiveness of the proposed method were verified via MATLAB/Simulink
simulations and experiments, respectively. The simulation and experimental results showed
that the proposed current harmonic extract method can accurately extract the current harmonic
components, and the proposed current harmonic suppression strategy can effectively suppress
the 11th and 13th harmonics in the IPMSM stator three-phase current.
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