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Abstract: When the interior permanent magnet synchronous motor (IPMSM) is running, there are
abundant harmonics in the stator current. In order to achieve the suppression of current harmonics,
the current harmonic extraction method and current harmonic controller are studied in this paper.
Firstly, a simple and accurate method for extracting current harmonics is proposed by means of multi-
ple synchronous rotating frame transformation (MSRFT). Secondly, an improved deadbeat predictive
control (IDPC) based current harmonic controller is designed after analyzing the advantages and
disadvantages of traditional current harmonic controllers. Thirdly, IDPC-based current harmonic
suppression strategy is proposed by combining the proposed current harmonic extraction method
and the proposed current harmonic controller. The proposed strategy can still effectively achieve
current harmonic suppression when the motor runs at low speed, medium speed and high speed
and the controller parameters are mismatched with the motor parameters. Finally, the feasibility and
effectiveness of the proposed strategy are verified by simulation and experiments.

Keywords: interior permanent magnet synchronous motor (IPMSM); current harmonic suppression;
multiple synchronous rotating frame transformation (MSRFT); deadbeat predictive control (DPC)

1. Introduction

Interior permanent magnet synchronous motor (IPMSM) has the advantages of high-
power density and wide operating speed range, and is widely used in electric vehicle drive
systems [1]. In the actual operation process, non-ideal factors such as the dead-time effect
of the inverter and the non-sinusoidal flux linkage of the permanent magnet will cause the
motor stator current to contain rich harmonic content. This will cause unnecessary motor
losses and affect the running quality of the motor [2]. Therefore, the suppression of stator
current harmonics plays an important role in ensuring the stable operation of the drive.

The essence of the current harmonic suppression strategy is to accurately control the
current harmonic components to 0. In order to achieve the control of the current harmonic
components, it is necessary to extract the current harmonic components accurately and
have a current harmonic controller with good performance.

In terms of current harmonic extraction, the multiple synchronous rotating frame transfor-
mation (MSRFT) method has received extensive attention in recent years [3-7]. This method
transforms the stator current into a combination of DC quantities (current harmonics of
specified frequency) and several AC quantities, and the first-order low-pass filter (FLPF) is
used to extract the current harmonics. Since the FLPF cannot attenuate the signal to 0 at the
cutoff frequency, it is difficult to eliminate high amplitude AC quantities in the current. In
order to improve the extraction accuracy of current harmonics, second-order Butterworth
filter and type II Chebyshev filter are used in [5] and [6], respectively, and a closed-loop
extraction method with FLPF and PI controller in series is designed in [7]. The above methods
all improve the extraction accuracy of current harmonics. However, they all increase the
complexity of the algorithm. In addition, band-pass filter and adaptive filter based on least
squares are used to extract current harmonics with the goal of extracting AC qualities [8-10].
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In terms of current harmonic controllers, some current harmonic controllers based
on proportional resonance controllers, repetitive controllers, and iterative learning
controllers have been proposed [11-15]. The above controllers can achieve current
harmonic suppression. However, the parameters of the controllers often need to be
adjusted with the harmonic frequency. Due to the PI controller can control the DC
qualities and avoid the influence of the frequency change, it is widely used in the current
harmonic suppression [16-19]. The traditional PI based current harmonic controller
usually subtracts the extracted current harmonic component from the reference value,
and then the resulting value is input to the PI controller to generate the harmonic
compensation voltage. The harmonic compensation voltage is injected into the dq axis
voltages through the inverse MSTFT. However, PI controllers” parameters tuning is
difficult as using multiple PI controllers. In order to solve this problem, some scholars
replaced PI with deadbeat predictive control (DPC) and designed a current harmonic
controller based on DPC. However, traditional DPC depends on the motor parameters
and the model error and the position change of the rotor in one cycle cannot be ignored
due to the high electrical frequency of the motor in the 5th and 7th synchronous rotating
frames. This will lead to a static error between the current harmonic components and
the reference value 0. Therefore, this scheme has difficulty effectively suppressing the
current harmonics.

From above, two aspects have been studied in this paper: improving the detection accu-
racy of current harmonics, and improving the performance of current harmonic controllers.
Firstly, the existing current harmonic extraction method based on MSRFT is improved
by reconstructing the input current of the filter. This method has a simple structure and
can achieve accurate extraction of current harmonics. Secondly, the improved deadbeat
predictive control (IDPC) based current harmonic controller is established by improving
the solution method of PMSM state equation and considering the effect of rotor position
changes in one control cycle and applying the method of current static error elimination.
Thirdly, IDPC-based current harmonic suppression strategy is proposed by combining
the improved current harmonic extraction method and the IDPC-based current harmonic
controller. Finally, the experimental results show that the proposed strategy can effectively
suppress the current harmonics when the motor runs at low speed, medium speed and
high speed and the controller parameters are mismatched with the motor parameters.

2. Mathematical Model of IPMSM Containing Harmonics

The three-phase windings of the IPMSM stator are usually star-connected. Under ideal
circumstances, the windings are symmetrically distributed and the back EMF waveforms
of the motor are half-wave symmetrical. Hence, the three-phase windings do not contain
multiples of 3 and even harmonics. The three-phase currents can be expressed as:

ia = Y I cos(nwet + 0y)
ip = Y I cos(nwet — %nﬂ+ On) @
ic = ¥ I cos(nwet + 3nm+0,)

where,n=1,5,7,11, 13 ..., I,; is the amplitude of the nth harmonic current, 8, is the initial
phases of the nth harmonic current, and we is the electrical angular velocity of the motor.
The transformation matrix from the abc frame to the dq axis frame can be expressed as:

coswet  cos(wet — &) cos(wet + &)

2
79 = £ )
abe 31 _ sinwet — sin(wet — %”) — sin(wet + 27”)
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By transforming (1) with (2), the IPMSM stator current in the dq axis frame can be
expressed as:

{ iq = I1 cos 01 + I5 cos(b6wet + 05) + I7 cos(b6wet + 07) + ... 3

iq = I;sinf; — I5 sin(6wet + 95) + I sin(6wet + 97) +...
Typically, the permanent magnet flux linkage of the IPMSM contains a certain number

of harmonics, which results in the presence of harmonics in the back EMF of the motor. In
the dq axis frame, the permanent magnet flux linkage can be expressed as [10]:

{ Prd = Y1+ (Y5 + Pg7) cos 6wet + (Pe11 + Pri3) cos 12wet + . .. @

¥tq = (Y7 — ¥g5) sinbwet + (P13 — Prr1) sin12wet + . ..

where, ¥ g5, Pz, P11 and g3 are the fundamental, 5th, 7th, 11th and 13th harmonic
components amplitudes of the rotor permanent magnet flux linkage, respectively.
In the dq axis frame, the voltage equation of IPMSM can be expressed as:

ug = Rig + dditd — Welpq
ug = Rig + % + welPq
$a = Laiqa + Prd
Pq = Lqlq + g

©)

where, R is the stator resistance of the motor; Lq and Lq are the d and g-axis inductances,
respectively; and 14 and ¢4 are the dq axis flux linkages, respectively.

In this paper, the suppression of the 5th and 7th harmonic currents is mainly consid-
ered. Substitute (3) and (4) into (5), the IPMSM voltage equation containing the 5th and 7th
harmonics can be expressed as:

ug = R[I cos 6y + I5 cos(bwet + 05) + I; cos(bwet + 67)]

—6weLq[I5 sin(6wet + 05) + Iy sin(6wet + 67)]

—weLq[I1 sin 01 — I5 sin(6wet + 05) + I7 sin(6wet + 67)]

—we (595 + 71Pg7) sin 6wet ©
uq = R[I;sinb — Issin(6wet + 65) + I sin(6wet + 67)]

+6weLqg|[I7 cos(6wet + 07) — I5 sin(6wet + 05)]

+weLq[I1 cos 01 + I5 cos(bwet + 65) + I7 cos(b6wet + 67)]

+welPn + (7ipg7 — 5pg5) cos bewet]

From above, Equations (3)—(6) constitute the IPMSM mathematical model considering
harmonics.

3. Improved Current Harmonic Suppression Strategy
3.1. Improved Current Harmonic Extraction Method
3.1.1. MSERT

MSERT is the basis of current harmonic extraction method. It can be seen from
Equations (1) and (3) that when the fundamental wave angular velocity is used as the
rotational speed of the synchronous rotating frame, the fundamental components of the
three-phase currents are expressed as the DC qualities. In the same way, when the harmonic
angular velocity of the specified frequency is used as the rotational speed of the synchronous
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rotating frame, the harmonic components of the specified frequency in the three-phase
currents will also be expressed as the DC quantities.

The rotation direction of the 5th synchronous rotating frame is opposite to that of the
fundamental synchronous rotating frame. The transformation matrix of the fundamental
synchronous rotating frame to the 5th synchronous rotating frame [7] can be expressed as:

@)

qu5 COS bwet — sin b6wet
dq =

Sin 6wet  COS 6Wet
By transforming (3) with (7), the expression of the motor stator current in the 5th
synchronous rotating frame can be expressed as:

{ igs = I5cos 05 + Ij cos(6wet + 67) + Iy cos(12wet + 67) @

ig5 = —I5sin 05 + I sin(6wet + 1) + I7 sin(12wet + 67)

The rotation direction of the 7th synchronous rotating frame is the same as that of the
fundamental synchronous rotating frame. The transformation matrix of the fundamental
synchronous rotating frame to the 7th synchronous frame can be obtained as:

)

7997 COSb6wet  Sin 6wet
dq =

—sinbwet €OS bwet
Similarly, by transforming (3) with (9), the expression of motor stator current in the
7th synchronous rotating frame can be written as:

{ iq7 = Iy cos 07 + I cos(b6wet — 01) + I5 cos(12wet + 65) 10)

iq7 = I7sinf; — I; sin(6wet — 91) — I sin(lZwet + 95)

3.1.2. Harmonic Current Extraction Method

In order to achieve good current harmonic control, the extraction accuracy of current
harmonics is particularly important. It can be known from (8) and (10) that the 5th har-
monic component is DC quantity, and the fundamental component and other harmonic
components are AC quantities in the 5th synchronous rotating frame. The 7th harmonic
component is the DC quantity, and the fundamental component and other harmonic com-
ponents are the AC quantities in the 7th synchronous rotating frame. The traditional current
harmonic extraction method is shown in Figure 1. After the three-phase currents of the
motor are transformed into the 5th and 7th synchronous rotating frames, the current harmonic
components are extracted through FLPFE. The extraction result can be expressed as:

igsh = Iscosfs an
iq5h = —15 sin 95

id7h = 17 Ccos 97 (12)
iq7h = 17 sin 97

However, for a motor with a large current, the fundamental components of the three-
phase currents are much larger than the harmonic component, and it appears as a high-
amplitude six-fold frequency alternating current in the 5th and 7th synchronous rotating
frames. Unfortunately, the FLPF does not attenuate the signal to 0 at the cutoff frequency,
and the magnitude of the AC quantities in the filtered current are still non-negligible. This
will reduce the extraction accuracy of current harmonics.
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fa
—>» ABC id | dq Ids ld5h
b = =
'_) ic| N I’qE N FLPF Iquh
i} dq g 5dq i’
(it T et T
dq id7 fa7h
iw | FLPE | igm
—> » —>
7dq

Figure 1. The block diagram of traditional method of current harmonic extraction.

In order to improve the extraction accuracy without increasing the complexity of the
algorithm, the fundamental component is subtracted before the MSRFT of the dq axis
currents in this paper. The fundamental component is considered as the dq axis currents
reference value. As a result, the problem of high-amplitude alternating current under the
5th and 7th synchronous rotating frames can be avoided. Then, the extraction accuracy of
current harmonics can be improved. The block diagram of the proposed method is shown

in Figure 2.
fﬂ : ek f-d_ref i )
—> ABC ¢ dq lds Idsh
b : R .
. Iq o 1q5 - FLPF Iq5h
i} dq +_ 5dq 7
f{LrL-F
ot T . . " T
(e ¢
N dq id7 N ld7h
iz | FLPF | jgm
— > —>»

7dq

Figure 2. The block diagram of proposed method of current harmonic extraction.

3.2. Traditional Current Harmonic Controller

The current harmonic controller is the key to make the current harmonic components
follow the current harmonic reference value. Traditional PI-based current harmonic con-
troller generally makes the difference between the extracted 5th and 7th current harmonic
components and the reference value 0, and then inputs the obtained values to the PI con-
trollers to generate the harmonic compensation voltages. The harmonic compensation
voltages are injected into the dq axis voltages through the inverse MSTFT. The block dia-
gram of this method is shown in Figure 3. igsh_ref, iq5h_refs id7h_ref ad iq7h_ref represent the
reference value of the 5th and 7th current harmonic dq axis components, respectively.
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fciEh_ruf = 0
fasn _t tash |59 1ds_in tid_in
| a/|e,
145h 1fq5h Hqs_in ++ll Hq_in
> d >
+ q ++A
f?qﬁh_ruf = 0 T
. _ @t
1avh ref = ()
7 + Hav 7 i
id7h b Hdvh 7dq Hd7_in
— 5>
1q7h Hqrh Hq7_in
> -
dq
+

L;:]Fh_rel' = [)
Figure 3. The block diagram of traditional current harmonic controller based on PL

Where, the transformation matrices from the 5th and 7th synchronous rotating frames
to the fundamental synchronous rotating frame are obtained by the inverse operation of
Equations (7) and (9). The transformation matrices can be expressed as:

e, - (1)

dgb

COSbwet  sin bwet
(13)

—sin6wet  €OS 6wWet

qu B (qu7> _ lcos6wet sin6wet] (14)

dq7 = sin 6wef oS 6wet

It can be seen from Figure 3 that this PI based current harmonic controller uses multiple
PI, so the parameter tuning is complicated and the coupling effect between the dq axis is
ignored. Which will affect the suppression effect of current harmonics. In order to avoid
this problem, some scholars replace the PI controller with deadbeat predictive control
(DPC). The control block diagram is shown in Figure 4.

'Ild5h_re£ = D
—_—> I{d5h
ldsh - 5dq

—>
fqsh DPC

d5 in Hd in

X

Hg5h Hy5_in ++JL Hy in

dq J:Jru
F F

e OetmeTs

iam_tef = 0 ¢ ¥

- 17h 1Hd7 i
1d7h d 7dq a
R EEm—
Iq7h DPC Hy7h g7 in
i&lﬂ'l_ﬂ‘.f =0 dq
— >

h 4

Il[;')h_ref =()
_—>

Y

h 4

Figure 4. The block diagram of traditional current harmonic controller-based on DPC.

This strategy effectively avoids complex parameter tuning and is easier to implement
digitally. However, this strategy depends on the motor parameters, and the model error
caused by the rotor position variation within one control cycle cannot be ignored due to the
higher electrical angular frequency of the motor in the 5th and 7th synchronous rotating
frames. This will degrade the control performance of the current harmonic controller, and
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lead to a static error between the current harmonic components and the reference value.
Therefore, the current harmonics cannot be effectively suppressed.

3.3. Improved Current Harmonic Controller
3.3.1. Error Analysis of DPC

The model error analysis methods in the 5th and 7th synchronous rotating frame are
the same. So, the traditional DPC model error in the 5th synchronous rotating frame is
analyzed as an example in this section. In the 5th synchronous rotating frame, the DC
voltage equation of IPMSM can be expressed as:

dis/dt = Asis + Bus + Cs (15)
: idsh Udsh —R/Lg  —5weLq/ Ld} {1 /Lg 0 }
where s anj " [uqu 5 {SweLd/Lq ~R/Lq 0 1/Lg

0
Cs = {5we¢f5 /Lq} '

The control period of the system is Ts, and the motor speed is considered to be a constant
value. Solving Equation (15), the solution in the kth control cycle can be expressed as:

i5(t) = i5m(f) + i5n(t)
ism() = (K As.ig (KT,) + [elt 41945 — 1] A7 Cy (16)
isn(t) = [i7, e~ ™45 -Bus(1)dt

where, i5, is the free component matrix independent of the 5th harmonic compensation
voltage matrix us; isy, is the forced component matrix depend on the 5th harmonic compen-
sation voltage matrix us; I is the unit matrix; and 7 is the time constant.

In the kth control cycle, the harmonic compensation voltage matrix # can be expressed as:

us(t) = Fs5(t)us(kTs)
cosS5we (t — kTs)  — sin5we(t — kTs) (17)

Fs(t)=| |
sin5we(t — kTs)  cos5we(t — kTs)

From Equations (16) and (17), it can be seen that the solution of Equation (15) is more
complicated, which is not convenient for practical application. Since the matrix As contains
we, the traditional DPC considers the value of weTs to be small, and (16) can be linearized.
It can be considered that e(t—*T$)A ~ (t — kT)A + I and S5we(t — kTs) ~ 0. The discrete form
of (16) at the time of (k + 1)Ts can be expressed as:

J+1 _ ck+1 k+1

157 =15, i,

i1 = (AsTs + I)is* + CsTy (18)
ig;l = TsBulg

From Equation (18), the harmonic compensation voltage output by traditional DPC at
the time of (k + 1)Ts can be expressed as:

k+1 _ pak+1 . k+1 k+1
Ugsn = Rigsy + (La/Ts) <1d5h,ref — 1d5h> + 5Welgsn

(19)
k+1 k+1 : k+1 k+1
qurh = qu;rh + (Lq/Ts) (zq5h7ref - lq;')Lh) — 5wePia,

where, ¢d5hk+1 — Ldidk+1 + s quth - Lqiqk+1.
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However, in the 5th synchronous rotating frame, the electrical angular frequency 5we
of the motor is very large, and et %7945 ~ (t — kT)As + I and 5we(t — kTs) ~ 0 are incorrect.
Additionally, with the increase of the motor speed, the model error of the traditional DPC
will gradually increase, which will cause the current harmonic components igs,, and igsp, to
be unable to accurately track the given value.

3.3.2. Improved Deadbeat Predictive Control (IDPC)

In order to achieve accurate control of current harmonic components, an IDPC model
suitable for the 5th and 7th synchronous rotating frames is proposed. Same as Section 3.1.1,
the model error in the 5th synchronous rotating frame is analyzed as an example.

Since the resistive voltage drop of the IPMSM is small, the resistive voltage drop is
ignored to simplify the calculation. The solution of the current harmonic free component
matrix in Equation (16) can be expressed as:

i = Apsis® + Cins (20)
e A cos 5we Ty —(Lq/Lg) sin5weTs [cos(5weTs) — 1]/ Ly
WREre, fms = (Lg/Lq) sin5weTy c0s 5weTs 75 T sin(5weTs)/ Lq '

Due to the delay of the controller, the harmonic compensation voltage obtained in
the kth control cycle acts on the motor side in the (k + 1)th control cycle. If the angular
frequency of the motor is too large, the angle error caused by the change of the rotor in one
cycle will make the calculation of harmonic compensation voltage deviate. Thereby, the
control effect of the current harmonics will be reduced. Considering the rotor variation in
one cycle, the calculation formula of the current harmonic forced component matrix can be
expressed as:

i = T,BFsous* (21)
cosbweTs — sinbweTy
where, F5y = .
sinbweTy  cosbweTs
From Equations (20) and (21), the discrete form of Equation (16) at the time of (k + 1)T

can be expressed as:
k+1 k+1 + k41

I3 =lm Tl
ist! = Apsis + Cpus (22)
lérfl = TSBF50u5k
From Equation (22), the harmonic compensation voltage output by IDPC at the time
of (k + 1)Ts can be expressed as:

k+1 _  k+1 k+1

Ugns = Ugms 08 5WeTs + g5 sin SweTs

”gﬁsl = —ul L sin5weTs + ug;}; 08 5we T

Uihs = (llfiﬁf5 — Pl cosSweTs + iy sin SwQTS) /Te

ug#S = (1/)33}{5 - IIJ(];K; sinbweTs — 1/1(’;51 C0s bwe Ts) /Ty 23)

ref

Yihs = Laidns ref + Pt5
f _ .
1/’3%5 - quqh57ref

K+1 _ 7 k4l
Pans = Ldigns + P65

k+1 _ 7 sk+1
l[)th - quth
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Equations (22) and (23) are the IDPC mathematical model in the 5th synchronous
rotating frame. Some factors such as the resistance voltage drop, non-ideal characteristics
of inverter will cause the static error between the current harmonic component and the
given value. Hence, current compensation is required necessarily. As an example, the
current compensation scheme in the kth cycle is as follows:

Firstly, calculate the difference between the sampled actual values of the dq axis
current harmonic components (ikd5h_re1 and ikq5h_re1) and the predicted values of the current
harmonic components (ideh_preo and ikq5h_pre()) calculated by Equation (22) in the (k — 1)th
cycle. This difference comes from model error and parameter mismatch, which is input into
FLPF to obtain compensation value (igspc and igsnc). Then, the predicted value calculated
by Equation (22) in the kth cycle is added to the compensation value as the final predicted
value. The error of the predicted value at the time of (k + 1)T (A**1 455, and Aik+1q5h) can

be expressed as [20]:

K1 k1 kL -
Aigsp = igsh ~ Lash_preo — ld5he

Al‘k+1 k+1 k+1

, (24)
q5h — 'q5h ~ q5h_pre0 — YqShe

When the FLPF is stable, the error of the predicted value tends to 0. The tracking
static error at this time is caused by the calculation of Equation (23), and its value can be
expressed as:

¥sh et — ish = 15 — 1 =i
d5h_ref ~ *d5h — ‘d5h ~ “dSh_pre0 — ‘dbhc
4k .k o .k .k o (25)
lq5h_ref ~ 'q5h = 'q5h — q5h_pre0 — ‘qbhc

Finally, the value obtained by subtracting the compensation value from the given value
of the current harmonic component is used as the given value in Equation (23), and the
static error can be eliminated. In the kth control cycle, the IDPC block diagram in the 5th
synchronous rotating frame including the current compensation scheme is shown in Figure 5.

1 dsh Tl
el
zhldSh_r{-ﬁF
_+ fdShe _+
>zl [ FLPF >
I*dsh_pred
Y Y
ikdsh { P+ d5h_preo + - I Lash_pre ? 1" sy
» Equation > » Equation >
T e L,
il 23
fktlih i ( ) I"'t"_.l qbh_prel +’ I’k+'lq§h pre o ( ) uk*lk sh "
ik
I"g5h_prel
o » 2l > FLPF ;o > e
i + q5he iy
- IDPC:s
Ik+quh_ruf i
B Z
H"qah

Figure 5. The block diagram of IDPC of the kth control cycle in the 5th synchronous rotating frame.
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Similarly, in the kth control cycle, the IDPC mathematical model in the 7th synchronous
rotating frame can be expressed as Equations (26) and (27), and the IDPC block diagram in
the 7th synchronous rotating frame including the current compensation scheme is shown
in Figure 6.

k1 kel kel

it =gt gt

5t = Apzis" 4+ Cny (26)
K1

17: = TSBF70u7k

where, i7y, is the free component matrix independent of the 7th harmonic compensation voltage
matrix uy; iz, is the forced component matrix depend on the 7th harmonic compensation voltage

id7h Uqrh cos 7weTs (Lq / Ld) sin 7we Ty
matrix uy; iy = |. s Uy = JAny = . ;
77 iq7h 7 Ugzh m7 —(Lg4/Lq) sin7w,Ts cos 7weTs
[cos(7weTs) — 1]/ Lq cos7weTs  sin7weTs
Cny = g7 ) ; Fso = , .
—sin(7weTs)/Lq —sin7weTs cos7weTs
k+1 _ o k+1 k+1 o
Ugpy = Ugmy COS 7wels —u qm7 SN 7weTs
k+1 k41 k+1
Ughy = Ugm7 SN TweTs + Ugm7 COS 7we Ty
k+1 _ ref k+1 k+1 o;
Ugpr = ( Ghy — Wy €os 7weTs — wth sin 7a)eTs) /T
k+1 _ ref k+1 o; k+1
Ugm7 = ( Uhy T Yany Sin7weTs — I/th7 oS 7we Ts) /Ts 27)
f _ .
Yihy = Lalan7 ref + $e7
ref __ P
quh7 - quqh7_ref
k+1 _ 7 k+1
Yany = Laigny + ¥57
k+1 _ 7 k41
lpqh7 - quqh7
1ka7m T
) z71 |«
ikﬂd?h_mf
3k fd?hc
—» 71 = FLPF
I"d7h_pred
. h 4 Al + i h 4 .
Ikd';'h L i Ik+ ! d7h_prel +L Ikl J‘d?h_pre 4 iy Hk"'ldﬂl .
» Equation > » Equation >
—T> (26) o > _ N (7 >
qu?h 1l 7h_prel) it Iqu?h_p re el q7h
4 A
1 iqu’h_pre[J
L » 7 -3 FLPF — = @e
e 11]71‘1(1 + i
- IDPC-
£k+lq'?h_ruf 3
k z”
U q7h

Figure 6. The block diagram of IDPC of the kth control cycle in the 7th synchronous rotating frame.

3.3.3. Improved Current Harmonic Controller

It can be seen from Figures 5 and 6 that when the filter is stable, the current harmonic
component will track the given value without static error. If the given value is set to 0, the
current harmonic suppression can be achieved. The block diagram of the current harmonic
controller based on IDPC is shown in Figure 7.
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Figure 7. The block diagram of current harmonic controller based on IDPC.

3.4. Proposed Current Harmonic Supression Strategy

The control block diagram of the proposed current harmonic suppression strategy is
shown in Figure 8. Firstly, the sample values of three-phase currents are input to the current
harmonic extraction module (Figure 2) to extract the current harmonic components (igsp,,
ig5h, la7n and igzy). Secondly, the extracted current harmonic components are input into
the current harmonic controller (Figure 7), which outputs the reference harmonic voltage
compensation components (ig_in and Ug_in). Finally, the u4_j, and uq i, are injected into the
dq axis voltages, respectively.

fd_ret' [ g Hd_ref d q ta SVPWM
iq ot IDPC Hyq ++ Mg ref Uk /\
® * /ab

—_—]
24
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h 4

. 5 Interver
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(Fig2) ——» (Fig7)

dq T fdtlh_re[:OT H Labe 1N
abc

. AT
-~ d/dt 2 P a ® ey

F I Y

A

Figure 8. The block diagram of proposed current harmonic suppression strategy.

4. Simulation and Experimental Results
4.1. Simulation Results of IDPC Method

In order to verify the validity of the IDPC model, the IDPC model under the 5th
synchronous rotating frame is taken as an example. Comparing the model errors of DPC
and IDPC when the motor runs at different speeds by simulation. The model error of DPC
is obtained by subtracting Equation (18) from (16), and the model error of IDPC is obtained
by subtracting Equation (22) from (16). The motor parameters are shown in Table 1, and
the sampling period is 100 ps.
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Table 1. The parameters of IPMSM.

Adsmd_PRO

Parameters Symbol Value
Rated voltage Uy 320V
Rated current In 180 A
Rated speed n 3000 rpm
Rated torque N 72 Nm
Pole pairs P 4
Stator resistance R 0.03 O
D-axis inductance Lq 0.1049 mH
Q-axis inductance Lq 0.3453 mH
PM fundamental flux linkage P 0.038749 Wb
PM 5th harmonic flux linkage 5 0.0003771 Wb
PM 7th harmonic flux linkage (17 0.0004135 Wb

Firstly, the error of the current harmonic free component (independent of the harmonic
compensation voltage) is verified. Take the range of the 5th current harmonic dq axis
components as =10 A. When the motor runs at 100 rpm (low speed), 1000 rpm (medium
speed) and 2500 rpm (high speed), respectively, the errors of the free components in
Equations (18) and (22) relative to the free components in Equation (16) are shown in
Figure 9. In the figure, Aisg_TrA and Aispq TrRaA Tepresent the dq axis free component error
of DPC, and Aismg_pro and Aisymg pro represent the dq axis free component error of IDPC.

| AismdlrrO

12 g f\lSnpd_TRA § |
=
m -
10 =10
-0
fqsn(A) —10 7 jasn(A)
2500 rpm
(c)
=
=
-:\C
=
— "o
o= - _/,//hl[] A el 10
fgn(A) 1010 77 jasyA) ign(A)  ~10-10 7 jaen(A)
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Figure 9. Errors of free components of DPC model and IDPC model at different motor speeds.
(a) Free component of d-axis current harmonic at 100 rpm; (b) free component of d-axis current
harmonic at 1000 rpm; (c) free component of d-axis current harmonic at 2500 rpm; (d) free component
of g-axis current harmonic at 100 rpm; (e) free component of g-axis current harmonic at 1000 rpm;
and (f) free component of g-axis current harmonic at 2500 rpm.

It can be seen from Figure 9 that there are some current combinations at different
speeds which make the error of the free component of the IDPC model larger than that of
the DPC model. This phenomenon is caused by ignoring the resistive voltage drop when
modeling, which further shows the necessity of current compensation. From Figure 9a—c,
the errors of the d-axis current harmonic free component of the IDPC model increases a
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little with rotating speed increasing, while the errors of the DPC model increases largely.
From Figure 9d—f, the errors of the g-axis current harmonic free component of the IDPC
model are less than 1%, while the errors of the DPC model are more than 1% and increases
with rotating speed increasing. Therefore, the error of the free component of the IDPC
model is smaller, and the model is established more accurately.

Secondly, the error of the current harmonic forced component (dependent of the
harmonic compensation voltage) is verified. Take the range of the 5th harmonic com-
pensation voltage dq axis components is set as £10 V. When the motor runs at 100 rpm,
1000 rpm and 2500 rpm, respectively, the error of the current harmonic forced component
in Equations (18) and (22) relative to the forced components in Equation (16) are shown in
Figure 10. In the figure, Ais g Tra and Aisng Tra represent the dq axis forced component error
of DPC, and Aisng_pro and Aisng pro represent the dq axis force component error of IDPC.
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Figure 10. Errors of forced components of DPC model and IDPC model at different motor speeds.
(a) Forced component of d-axis current harmonic at 100 rpm; (b) forced component of d-axis current
harmonic at 1000 rpm; (c) forced component of d-axis current harmonic at 2500 rpm; (d) forced
component of g-axis current harmonic at 100 rpm; (e) forced component of g-axis current harmonic
at 1000 rpm; and (f) forced component of g-axis current harmonic at 2500 rpm.

It can be seen from Figure 10 that the errors of the current harmonic forced component
of the IDPC model are less than 1.5%, while the errors of the DPC model are more than 1%
and increases with rotating speed increasing. The results fully demonstrate the effect of
rotor position changes within a control cycle and illustrate the importance of considering
rotor position changes in modeling.

From above, compared with the DPC model, the current harmonic components can
better track the reference current when the IDPC model is used. Therefore, the IDPC
model is more accurate than the DPC model and is more suitable for the current harmonic
suppression strategy.

4.2. Experimental Verification of the Proposed Strategy

In order to verify the feasibility and effectiveness of the proposed method, the exper-
imental system shown in Figure 11 was built. The parameters of IPMSM are shown in
Table 1. In the experimental system, the control unit adopts TMS320F28335. The sampling
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frequency of the control system is 10 kHz, the control period is 100 ps, and the dead time is
set to 2.6 ps. The load is provided by a dynamometer.

Figure 11. Diagram of experimental system.

4.2.1. Experimental Results of the Proposed Harmonic Extraction Method

When the motor speeds are 100 rpm, 1000 rpm and 2500 rpm, respectively, and the
load torque suddenly changes from 0 Nm to 30 Nm, the waveforms of the 5th and 7th
current harmonic components obtained by the traditional extraction strategy (Figure 1)
and the proposed extraction strategy (Figure 2) are shown in Figures 12 and 13. The cutoff
frequency of FLPF is 2 Hz. The fundamental current amplitude is 115 A when the load
torque is 30 Nm.

— lq7h

— lq7h

— Ig7h

(a) (b) ()

Figure 12. The 5th and 7th current harmonic components extracted by the traditional method when
the load torque is 30 Nm. (a) 100 rpm; (b) 1000 rpm; and (c) 2500 rpm.

It can be seen from Figure 12 that the current harmonics extracted by the traditional
method contain high-amplitude AC quantity, and the lower the motor speed, the higher
the AC amplitude. This is because the high-amplitude fundamental current is expressed as
a high-amplitude AC quantity with a frequency of 6 times in the 5th and 7th synchronous
rotating frame, and the attenuation ability of the filter to the signal increases as the signal
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frequency increases. The amplitude of the AC quantity in the filtered current cannot be
ignored since the FLPF cannot attenuate the signal to zero.
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Figure 13. The 5th and 7th current harmonic components extracted by the proposed method when
the load torque is 30 Nm. (a) 100 rpm; (b) 1000 rpm; and (c) 2500 rpm.

It can be seen from Figure 13 that the amplitude of the AC quantity contained in the
current harmonic components extracted by the proposed method is small. This is because
the proposed method eliminates the AC quantity with a frequency of 6 times in the current
before filtering, which fundamentally solves the problem of high-amplitude AC quantity
in the current after filtering. Therefore, the proposed method has higher current harmonic
extraction accuracy.

4.2.2. Experimental Results of the Proposed Current Harmonic Suppression Strategy

When the motor speeds are 100 rpm, 1000 rpm, and 2500 rpm, respectively, and the
load torque suddenly changes from 0 Nm to 20 Nm, then to 40 Nm and finally to 60 Nm.
The waveforms of the 5th and 7th current harmonic components without applying the
harmonic suppression strategy and applying the proposed current strategy (Figure 8) are
shown in Figures 14 and 15. The cutoff frequency of FLPF in the current harmonic extraction
strategy is 2 Hz, and the cutoff frequency of FLPF in IDPC is 25 Hz.
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Figure 14. Waveforms of 5th and 7th current harmonic components without current harmonic
suppression strategy applied. (a) 100 rpm; (b) 1000 rpm; and (c) 2500 rpm.
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Figure 15. Waveforms of 5th and 7th current harmonic components with proposed current harmonic
suppression strategy applied. (a) 100 rpm; (b) 1000 rpm; and (c) 2500 rpm.

It can be seen from Figure 14 that the 5th and 7th current harmonic components exist in
the motor stator three-phase current at different speeds and different load torques without
applying the current harmonic suppression strategy. It can be seen from Figure 15 that after
applying the proposed current harmonic suppression strategy, the amplitudes of the 5th
and 7th current harmonic components in the three-phase current are almost zero. Therefore,
the proposed IDPC-based current harmonic controller can effectively control the current
harmonic components to track the reference current value 0.

When the motor speeds are 100 rpm, 1000 rpm, and 2500 rpm, respectively, and the
load torque is 40 Nm. The steady-state waveforms of phase A current and its Fast Fourier
Transform (FFT) analysis results without applying the harmonic suppression strategy and
applying the proposed current strategy are shown in Figures 16 and 17.
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Figure 16. Waveforms of phase A current and its FFT analysis results without current harmonic
suppression strategy applied. (a) 100 rpm; (b) 1000 rpm; and (c) 2500 rpm.

It can be seen from Figures 16a and 17a that when the motor runs at 100 rpm, the
amplitude of the 5th and 7th current harmonic components decreases from 2.08% and 1.42%
of the fundamental amplitude to 0.14% and 0.21%, and the Total Harmonic Distortion (THD)
value decreases from 3.38% to 2.08%. It can be seen from Figures 16b and 17b that when the
motor runs at 1000 rpm, the amplitude of the 5th and 7th current harmonic components
decreases from 2.41% and 1.58% of the fundamental amplitude to 0.24% and 0.18%, and
the THD value decreases from 3.91% to 2.86%. It can be seen from Figures 16¢c and 17¢c
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that when the motor runs at 2500 rpm, the amplitude of the 5th and 7th current harmonic
components decreases from 2.63% and 1.83% of the fundamental amplitude to 0.36% and
0.28%, and the THD value decreases from 5.31% to 4.27%.
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Figure 17. Waveforms of phase A current and its FFT analysis results with proposed current harmonic
suppression strategy applied. (a) 100 rpm; (b) 1000 rpm; and (c) 2500 rpm.

From above, the proposed strategies can effectively suppress current harmonics when
the motor runs at low speed, medium speed and high speed.

4.2.3. Robustness Experimental of the Proposed Current Harmonic Suppression Strategy

Since some control algorithms in the proposed strategy use motor parameters (Ly, Lq,
g5 and 1pgy), it is necessary to verify the robustness of the proposed strategy to changes in
motor parameters. When the motor speeds are 100 rpm, 1000 rpm, and 2500 rpm, respectively,
and the load torque is 40 Nm, the motor parameters used in the controller are set to 0.8 times
and 1.2 times the nominal value at the same time. The steady-state waveforms of the 5th and
7th current harmonic components when the parameter mismatch is 0.8 times are shown in
Figure 18, and the steady-state waveforms of the 5th and 7th current harmonic components
when the parameter mismatch is 1.2 times are shown in Figure 19.
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Figure 18. The steady-state waveform diagram of the 5th and 7th current harmonic components
when the motor parameters change by 0.8 times. (a) 100 rpm; (b) 1000 rpm; and (c) 2500 rpm.
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Figure 19. The steady-state waveform diagram of the 5th and 7th current harmonic components
when the motor parameters change by 1.2 times. (a) 100 rpm; (b) 1000 rpm; and (c) 2500 rpm.

It can be seen from Figures 18 and 19 that the proposed strategy can still control
the amplitude of the 5th and 7th current harmonic components to zero when the motor
parameters used in the controller change by 0.8 times or 1.2 times at the same time. This
is because the current compensation scheme in IDPC eliminates the current steady-state
error caused by motor parameter changes. From above, the proposed strategy has strong
robustness to motor parameter changes.

5. Conclusions

Two aspects of current harmonic extraction method and current harmonic controller of
IPMSM are studied in this paper. The work content is mainly reflected in the following aspects:

1.  The existing current harmonic extraction method based on MSRFT is improved by
reconstructing the input current of the filter. The improved method has a simple
structure and can achieve accurate extraction of current harmonics.

2. The reason why the DPC based current harmonic controller is difficult to effectively
control the current harmonic components is analyzed when the motor speed is high.
Additionally, the IDPC based current harmonic controller is proposed by improving the
solution method of PMSM state equation and considering the effect of rotor position
changes in one control cycle and applying the method of current static error elimination.
The proposed controller can effectively control the current harmonic components when
the motor speed is high and has strong robustness to moto parameter changes.

3. IDPC-based current harmonic suppression strategy is proposed by combining the
improved current harmonic extraction method and the IDPC-based current harmonic
controller. The experimental results show that the proposed strategy can effectively
suppress the 5th and 7th current harmonics when the motor runs at low speed,
medium speed and high speed and the controller parameters are mismatched with
the motor parameters.

Only the suppression of the 5th and 7th current harmonics is described in this paper, but
the proposed method is also applicable to suppress current harmonics of other frequencies.
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