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Feature Extraction of Frequency-Mapping-Based
Resonance Suppression in PMSM Drives With
Low DC-Link Capacitance and Inductance
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Abstract—TFor the electrolytic capacitorless permanent magnet
synchronous motor drives with low dc-link inductance, the increase
of the resonant frequency and the complex coupling between the
grid- and dc-side currents result in the performance reduction of
the active damping method. This article proposes a suppression
strategy based on the feature extraction of the grid current har-
monics from frequency mapping. With the high-to-low frequency
mapping, the low-frequency feature signals of grid current har-
monics are applied to characterize the high-frequency resonance,
which reduce the sampling and update errors caused by the higher
resonant frequency. On the basis, the closed-loop control of the
low-frequency feature signal is adopted to reshape the impedance
relationship between the grid current and rectified voltage. There-
fore, the harmonics of the grid current can be decoupled from
the dc-side current, and the high-frequency resonance of the grid
current can be directly controlled, which realizes resonance sup-
pression in the low dc-link inductance drives. Experimental results
verify the effectiveness of the proposed suppression strategy.

Index Terms—Electrolytic capacitorless drives, feature signal,
frequency mapping, high-frequency resonance, low dc-link
inductance.

I. INTRODUCTION

PERMANENT magnet synchronous motor (PMSM) is
A widely applied in transportation and industrial conditions.
The voltage source inverters have gradually become the main
driving method [1]. Large aluminum electrolytic capacitors are
usually utilized as the energy buffers to stabilize the dc-link volt-
age [2], [3]. However, the lifetime of the electrolytic capacitor

Received 8 July 2024; revised 24 September 2024; accepted 8 November
2024. Date of publication 19 November 2024; date of current version 28
January 2025. This work was supported in part by the National Natural Science
Foundation of China under Grant 52207042 and Grant 52125701, in part by
the Delta Power Electronics Science and Education Development Program of
Delta Group under Grant DREG2023005, in part by the Young Elite Scientists
Sponsorship Program of the China Association for Science and Technology
under Grant 2023QNRCO001, in part by the Natural Science Foundation of
Heilongjiang Province under Grant LH2023E047, in part by the Heilongjiang
Postdoctoral Fund under Grant LBH-Z220022, and in part by the Fundamental
Research Funds for the Central Universities under Grant HIT.BRET.2021007.
Recommended for publication by Associate Editor P. Karamanakos. (Corre-
sponding author: Qiwei Wang.)

The authors are with the School of Electrical Engineering and Au-
tomation, Harbin Institute of Technology, Harbin 150001, China (e-
mail: 1160800915 @stu.hit.edu.cn; dingdawei @hit.edu.cn; wgl818 @hit.edu.cn;
wqwhit@hit.edu.cn; zhgq @hit.edu.cn; xudiang @hit.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2024.3501476.

Digital Object Identifier 10.1109/TPEL.2024.3501476

, Member, IEEE, Gaolin Wang
, Senior Member, IEEE, and Dianguo Xu

, Senior Member, IEEE,
, Fellow, IEEE

is closely related to the environment temperature, which causes
the failure of the whole drive system. In order to improve the
system reliability, applying slim-film capacitors in the dc link
can extend the system lifetime and reduce the system cost [4].

Although the drive systems with small dc-link capacitors have
many advantages, there exist several control challenges. Due to
the reduction of the energy storage capacity, the dc-link voltage
cannot maintain a constant value, which deteriorates the energy
coupling between the grid side, dc link, and motor side. The
major issues are mainly divided into two aspects: performance
decay at the motor side and the grid side [5]. As for the motor
side, the inverse proportional correlation can be seen between
the dc-link voltage utilization rate and torque ripple constraints
in the high-speed region [6]. The energy regulation at the motor
side is one of the key research points for the drive system without
electrolytic capacitors. The power quality issues at the grid side
are usually caused by LC resonance [7]. The dc-link inductor
is in series with the dc link to suppress the high-frequency
noise. LC resonance causes the distortion of the grid and dc-link
waveforms. The inverter system with the current loop can be
regarded as a constant power load, which means that the negative
input impedance aggravates LC resonance [8]. To improve the
power density and reduce the system cost, the dc-link inductance
is further reduced, which increases the sampling and updating
errors. The complex coupling between the grid- and dc-side
current also affects the harmonic suppression ability of the
strategy [9].

LC resonance is a hot issue in power electronics, and its
solutions can be divided into two categories: the hardware topol-
ogy methods and software algorithms methods [10], [11]. For
hardware-based solutions, the passive components were in series
or parallel with the dc-link inductor or capacitor to suppress the
resonance [12]. In [13], a controlled LC resonance compensator
was designed to be in parallel with the dc link, which suppressed
the grid harmonics by absorbing the power near the resonant
frequency. On the basis, the model-predictive strategy was com-
bined to further improve the control performance [14]. In [15],
a half-bridge controlled rectifier and a four-switch three-phase
inverter were applied in the ac—dc—ac system, which adjusted the
shape of grid currents according to the harmonic requirements.
However, the aforementioned methods were realized through
adding additional power electronic devices, which increases the
volume and cost of the system.
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Software algorithm methods have the advantages of flexibility
and low cost, which can also be divided into two categories.
Conventional suppression methods are suitable for the drive
system with large dc-link inductance [16], [17]. In [18], a
voltage-modulation-based strategy was defined as “virtual pos-
itive impedance” to improve the drive system stability, which
applied the rectified voltage to suppress the harmonics near
the resonant frequency. In [19], a virtual admittance method
with low power disturbance was utilized by obtaining the dc-
link inherent harmonics, which increased the damping of the
whole system for resonance suppression [20]. The realization
of the aforementioned damping methods required extracting
LC resonance information from the dc side, which means that
the suppression ability was reduced in the drive systems with
less obvious resonance. The drive systems with low inductance
or without the inductor have higher demands on resonance
suppression [21]. In [22], the motor torque and fast voltage
feedforward control were applied to improve the grid current
quality in the drives without the dc-link inductor. As for the
elimination of the dc-link inductor, the grid harmonics near
the switching frequency caused by the inverter modulation are
difficult to be suppressed. In [23], a strategy based on the
harmonic regulation of rectified current was applied in the
drive system with low dc-link inductance, which improved the
grid quality by adding the resonant component to field-oriented
control (FOC). However, the increase of the resonant frequency
was not considered, which introduces additional errors in the
harmonic extraction. In [24], the phase delay and amplitude
decay of resonance information were compensated to further
enhance the suppression effectiveness. Except for the dc-side
current harmonics, the mean value of the dc-side current con-
tributes to the generation of the grid current, which results in the
severe coupling between grid- and dc-side currents [25], [26].
The current coupling and high resonant frequency increase the
difficulty of suppressing the resonance, which limit the reduction
in the cost and volume of drive systems [27], [28].

In this article, a resonance suppression strategy based on the
feature extraction from the frequency mapping is proposed. The
system error caused by the increase of the resonant frequency is
analyzed. The complex coupling between the grid- and dc-side
currents further reveals the limitations of the active damping
method realized by extracting the resonance harmonic directly.
The feature signals of the grid current harmonics are extracted
with the average value and harmonics of dc-side current to
decouple the grid- and dc-side currents. With the high-to-low fre-
quency mapping, the low-frequency feature signals are applied
to characterize the current harmonic amplitude near the high
resonant frequency, and the closed-loop control is further per-
formed to achieve effective suppression. The proposed method
constructs a control loop of low-frequency feature signal, which
reshapes the impedance near the high resonant frequency. Hence,
the problem of suppression difficulty at high resonant frequen-
cies can be solved. The switching frequencies ws and resonant
frequencies wy, of the existing suppression methods are shown
in Table I.

According to recent research, the ratio w,e/w, of 0.15 can be
regarded as the high-frequency resonance. Hence, the switching
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TABLE I
SWITCHING AND RESONANT FREQUENCIES OF RESONANCE SUPPRESSION
METHOD
Methods W, Wre Ratios w../wg
Improved topologies 10 kHz 300—1850 Hz 0.03—0.18
Existing algorithms
for low-frequency 8—10kHz 503-581 Hz 0.054-0.072
resonance [16], [17],
[18],[19]
Existing algorithms
for high-frequency 6—10kHz 900—-1779 Hz 0.15-0.18
resonance [23], [24],
[25], [26]
Proposed method 8 kHz 1258 Hz 0.15
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Topology of the PMSM drive with the small dc-link capacitor.

Fig. 1.

frequency is set as 8 kHz under the resonant frequency of
1258 Hz.

II. ANALYSIS OF THE RESONANT COMPONENT OF GRID
CURRENT IN MOTOR DRIVES WITH LOw DC-LINK
INDUCTANCE

A. Impedance Model With Low DC-Link Inductance

The topology of the electrolytic capacitorless drives with low
dc-link inductance is shown in Fig. 1. Due to the low dc-link
capacitance, the dc-link voltage u4. and dc-side current iy, can
be expressed as

tde = Ude,0 + Y peeq Ude,k = Ude,o

+ > 51 Ude ks sin (6kwgt + @ack)
ir=1Ipo+> 0 iick=1Ir0

+ > piq Ik sin (6kwyt + ork)

where Ugc o and uqc, 1, are the mean value and the kth harmonic
of the dc-link voltage, respectively. Ugc  and @gc) are the
amplitude and the phase of uq., j, respectively. I, o and iz, 3, are
the mean value and the kth harmonic of the dc-side current,
respectively. I7, j and ¢, are the amplitude and the phase of
i1, i, respectively. w, is the grid angular frequency.

From [19], the rectified voltage uy,o. can be expressed as

ey

Ugree = 3U, [1 =) 2cos(6kw,t + 6kp)/(36k> — 1) | /7

k=1
@)
where U, and ¢ are the amplitude and the phase of the line
voltage, respectively.

In order to analyze the impact of LC resonance on the grid
current harmonics accurately, the impedance model of the drive
system with low dc-link inductance is built. As can be seen
in Fig. 2, the system input is the rectified voltage ugrec, and
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Fig. 2. Impedance model with the drive with the small dc-link capacitor.

the output is the grid current harmonics i, and i+ at the
frequency of (6k — 1)w, and (6k + 1)w,, whose amplitudes are
Ly and I, , respectively.

According to Fig. 1 and [19], the dc-side current is directly
related to the grid current, which means that the grid current
harmonics can be obtained by Aip/Augrec. Air and Augye. are
the variations of the dc-side current and the rectified voltage,
respectively. The amplitude and phase errors caused by the
sampling process (sampling time is 7';) cannot be ignored under
the high-frequency resonance, whose transfer function Gy, is

Gn = (1 —e 1) /sT,. 3)

According to [6], W; and W, are defined as the transfer
function from the dc-link voltage variation Auq, to the current
variations Ai4 and Ai, in dg-axes, which are denoted as

[Wd] . 1 |:A’Ld:| B (1 - 671'557;)/Udc,0
W, Auge |Aig ApgArg — AggAyy

Udref 0A2q — Ugref OAlq
! o0fia| 4
8 |:Uqref,0A1d — Udret,0A24 )
Ay Alq N Ry + Lys 7weLq
Agy qu o welg R3+Lq8
G 0
—sTy d
e Gh[o GJ. )

In (4), Ug,qret,0 is the reference voltages in dg-axes. In (5),
Lg,4 G4, Rs, and w, are the inductances in dg-axes, the
transfer functions of the current controllers in dg-axes, the stator
resistance, and the motor frequency, respectively.

K, is defined as the transfer function between the dc-side
current and the rectified voltage, which is derived as

Km = AiL/Augrec = 1/[1/(Ym + CdCS) + (des + Rg)]
(6)
where Lg., Cqc, and R, are the dc-link inductance, the dc-link
capacitance, and the line resistance, respectively.
Y,, is the transfer function of the inverter input admittance

Y,,=[-Ip0+1.5W4(Ugo+weLalyo+ Lalaos
+Id’0Rs) + 15Wq (Uq70 - weLqu,o
+Lglg,08 + Ig,0Rs)] /Usc0 7

where Ugqo and Ig40 are the average values of the actual
voltages and currents in dg-axes, respectively.
AK,, and the resonant frequency w,. are defined as

AK,, =K, — Km,id7wre = 1/27T V LacCyc (8)
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where K, iq is the transfer function of Aiz/Auge. under the
ideal condition (75 = 0). From (8), the sampling and updating
errors of the harmonics caused by LC resonance increase as wye
increases [24]. AK,, can be applied to analyze the deviations of
the dc-side current caused by the digital algorithm, whose Bode
diagrams are shown in Fig. 3. As w,, increases from 360 to
1240 Hz, the amplitude and phase deviations near the resonant
frequency vary from —114 dB and —68° to 4 dB and —184°,
respectively. The reduction of Ly, increases the errors of the dc-
side current harmonics near w,e, Which enhances the difficulty
of extracting the resonance information of grid current directly.

In this article, the resonant frequency wy, is 1258 Hz. Under
different values of the ratio w,¢/w,, the Bode diagrams of K,,
are shown in Fig. 4. The influence of the sampling and updating
delay on the resonant component decreases with the increase of
switching frequency.

As the ratio w,./ws decreases to 0.15, the magnitude of K,
near w,. is reduced from 87 to 41 dB, which means that the
moderate increase of the switching frequency can suppress LC
resonance in the dc-side current and the grid current. However,
|K | near w,, increases to 62 dB as the switching frequency is
further set as 17 kHz. Hence, setting the switching frequency as
8 kHz (wye/ws = 0.15) contributes to the resonance suppression.

B. Grid Current Harmonics Caused by LC Resonance

In order to obtain the grid current harmonics affected by
LC resonance, the relationship between the grid- and dc-side
currents needs to be further analyzed. The phase relationship
among the grid current, the dc-side current, and the rectified
voltage is shown in Fig. 5. The w-phase grid current i,, contains
the harmonics iy, and iy, at (6k — 1w,y and (6k + 1w,

twkt = a cos(6k £ 1) (wgt + ) + b sin(6k £ 1) (wyt + ¢)
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Fig. 5. Phase relationship among iy, iz, and ugrec.
= Typs sin [(6k £ 1)(wgt + @) + Puit] 9)

where @,x+ is the phase difference between the grid current
iwk+ and the rectified voltage harmonics related to 6kw,

_42v8 ) Ino  xooo (BRED)IL gy singerk,
ap = +=5 {Mil 2 k=1 [(6k1)2—(6k=1)7] }
bk: =+ Zz:l 12\/§kllL,k1 Cos (perkl/

w [(6k1)2 — (6k + 1)2}

(10)

In (10), weri is the phase difference between the dc-side
current iz, ;, and the rectified voltage harmonics at 6kw 4

Verk = oLk — 6k = LK pp, — /2 (11)

where K, represents K, (jokw ).

From (10), the grid harmonics i, and i, are closely
related to the mean value /7, o and harmonics iy, j, of the dc-side
current at 6kw 4, which means that the harmonics of grid current
is coupled with those of dc-side current. Hence, (9) can be
rewritten as

bkt = ikt + inke = 2V/3 {11, o cos (6k + 1)
X (wgt + ) /(6k £ 1)
+ Mg I i sin [(6k £ 1) (wgt + @) + wer+]/
(12k £ 1)} /m (12)

where i,,,;+ and iy are the grid current harmonics related to the
mean value and harmonics of the dc-side current, respectively.
The amplitude of i,,,x+ is less influenced by LC resonance.

In (12), Mg+ is the amplitude ratio between ipz+ and if, .
wek+ 1s the phase difference between i1 and the rectified
voltage harmonics at the frequency of 6kw,

Mg+ = /362 + (£12k + 1) sin®pep a3
ekt = arcsin [(6k & 1) sin @erk/ Mekt] .

From (12), the amplitude 7,5+ and phase ¢+ of the grid
current harmonics can be expressed as

. 2
6 Mep- | Kmk|Uqg sin gers + Iro
7(36k2—1)(12k%1) Gkl

i ||

2
" + 6 M| K i |Ugy cos pept
7 (3652 1)(12k=1)
6 Mt | K i |Ug cos pep
T (36K2 1) (126E 1) To s

Tops =
wk=+ (14)

Pwk+ = arcsin
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From [24], the harmonic order k,. of the dc-side current, which
is severely affected by LC resonance, is

ky = R(1/6wy\/LacCac)

where R(-) rounds off the input to the nearest integer. The
harmonic orders of the grid current, which are severely affected
by LC resonance, are (6k, — 1) and (6k, + 1). LC resonance
significantly increases current harmonics near wye.

The grid current harmonics near the resonant frequency under
the output power of 5 kW are shown in Fig. 6, whose amplitudes
decrease with the reduction of Ly, and Cg.. As Lg. and Cq.
are lower than 0.6 mH and 75 uF, respectively, the harmonic
amplitudes become less than 2 A. Compared with the drive
system with large dc-link inductance, the difficulty of extracting
the resonant component at the grid further increases.

Besides, the coupling between the grid harmonics i, and the
mean value /7, o of the dc-side current also affects the accuracy of
the grid resonance extraction. If only suppressing the resonant
harmonic iy, ;, of the dc-side current, such as the strategy in
[19], the harmonic amplitude I, + at the grid side may not
decrease due to the change of the phase difference @, . In
this article, the resonant frequency is 1258 Hz. The harmonic
amplitudes 7,4+ (k, = 4) under the variation of iy, 4 are shown
in Fig. 7. Assuming that Ay and B are the points without and
with the method, respectively, the dotted line shows the operation
trajectory of 1,4+ . [,,4— and 1,44 are suppressed by 1.90 and 0.60
A, respectively. As for B—, [,,4- is lower than the amplitude of
ima4—, which indicates that LC resonance suppresses I,,4 at this
point. As I, 4 is further reduced to O A, 1,4 is increased from
0.75 to 1 A, which worsen the grid quality. This means that the
dc-side current harmonics is not suitable to characterize the LC
resonance information of the grid current in the drive systems

15)
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with low inductance. Hence, the grid current improved method
considering the influence of /;, o needs to be further researched.

III. RESONANCE SUPPRESSION BASED ON THE FEATURE
EXTRACTION FROM FREQUENCY MAPPING

A. Feature Extraction Principle of Frequency Mapping

The block diagram of the resonance suppression strategy
based on the closed loop of the feature signal is shown in Fig. 8.
The dc-side current i, is reconstructed with the motor current i,
duty cycle D 4., and de-link voltage. The compensated feature
signals ige(wk,+) » are generated by compensating the errors
from the sampling and updating processes. x is the frequency
coefficient, which adjusts the frequencies of ife(yp, -y » and
Ufo(wh,+)_r 10 6wy and 12w, respectively. The output of the
control loop is the voltage adjusting angle Af,,, which is su-
perimposed on the motor estimated position 6.. The adjusted
voltage angle is 6,,, which is involved in the inverse Park
transformation of the voltage reference. The advantage of the
closed loop of the grid feature signal is achieving the direct
control of high-frequency resonance by decoupling the grid-
and the dc-side currents.

The vector diagram of the grid current and the dc-side current
is shown in Fig. 9. From (12), the vector LpprelPwrt of grid
harmonics is the sum of the vectors I,,,,.+ and I}, related to the
mean value and harmonics of dc-side current, respectively
23 [ Ipp
Tk £ 1

MGkiIL*k ejWGki

ej#’wki —
12k +1

Lk + - (16)

The ideal feature signals if(x+) are extracted according to
the vector relationship in (16), whose amplitude and frequency
are I+ and 6kw /x(x > 1), respectively. Hence, the grid har-
monics at (6k — 1)wg and (6k + 1)w, can be controlled directly
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through adjusting ife(wr ) and ife(wi+ ), respectively

Uo(wht) = Lwkt sin[6k(wyt + @aa) /2 + Quwi] (I7)

where .4 is the additional phase to adjust the feature extraction.

With the imaginary part of (16), ife(wr+) can be regarded as
the sum of the ideal feature signals ife(mp+) and ife( pi) related
to the mean value and harmonics of i, respectively

2V3 ..
T

ife(wk’i) = [Zfe(mki) + Z'fe(hki)]
2v/3 Iro
- — {:I:Gk T °08 [6F (wgt + ©ad)/ ]

+ Mg+ I, 1 sin [6k(wgt + @aa) /T
+oer+] /(12k £ 1)} .

Hence, the amplitude of ife( ns+) is proportional to that of iz, .
To eliminate the frequency error between ife(ni+) and iz, g, the
mapping from the high frequency 6kw, to low frequency 6kw 4/x
can be expressed as

(18)

. M, .
Ufe(hk+) = ﬁ (€08 Och (/)= SN Och(k/a)+]

IL,k sin (kagt+ (ka) (19)
Iy, i, cos (6kwgyt + @rk)

where 0 .4 (1) z)+ is the adjusting angle of the frequency mapping.
Hence, ife(ni+) can be generated from iy,  according to (20)

ife(hit) = Meks [0S Ocp(k/z)+ + SN O (12 d (+) [ 6kwgdt]
g/ (12k£1). (20)

And the adjusting angle 0 cj,(1 )+ can be expressed as

Och(k/z)+ = 6k(wgt + 0aa) /T + @er+ — (6kwyt + orLk)
(6k £+ 1) sin e

= arcsin — Ver
Mg+ Perk
1 k(paq —
— 6k0), (1 - > 4 k=) @1)
x x

As can be seen in Fig. 8, the angle 6 ; = w 4t4-¢ of the grid-line
voltage can be obtained directly with the analog sampling circuit
at the grid side. As the additional phase @,q is set as ¢, the
coefficient 6k(paq — ¢)/x is equal to 0, which means that ige( pr+)
can be extracted with the dc-side harmonic i, 1, the grid angle 0,
and the phase error ¢.,. Meanwhile, ife(mr+) can be extracted
with the mean value /1, o and the grid angle 6 ;, which can reduce
the computational burden of the feature extraction.

The comparison of the feature signals and resonant compo-
nent of the grid current is shown in Fig. 10. With the high-to-low
frequency mapping in (19), ige(wk,+) can characterize the high-
frequency resonance at the grid side, which decouples the grid-
and dc-side currents.

The frequency of i¢.(.k,+) can be reduced to get away from
the resonant frequency w,, through increasing x. From the dash
dot line in Fig. 3, the amplitude and phase of AK,,, are decreased
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with the input frequency, which means that the frequency map-
ping can reduce the decay of the feature signal of the resonant
component caused by the low dc-link inductance.

B. Control Loop of the Resonance Suppression

The block diagram of the generation of the feature signals is
shown in Fig. 11. In order to increase the accuracy of the feature
extraction, the phase delays of the applied variables (i, u4., and
D 4p¢) need to be the same, which are set as T’

is_r = 05(]. =+ eisTS)Ghis ~ 670'55T5Gh’is
sT

=e
idc_r - C’dc(l - eisTS)Ghudc/TS ~ 5670.58TS Cchhudc
= ¢ 5Ts |Gh| Tde
(22)
wherei andig. ,are the motor current and the adjusted dc-link
current, respectively. iq. is the actual dc-link current.

The duty cycle generated in the FOC is applied at the next
switching cycle. Hence, the duty cycle in the reconstruction
process should be delayed two switching cycles [19]. Hence,
the reconstructed dc-side current i;, , can be presented as

. —0.58T . -
i r=2¢€ : Ghscdcudc + (Da_rla_r + Db_rlb_r

. T,
+Dc_7’Zc_r) =e °

(23)

where i( 4pc)_ris the component of i;_,. on the abc-axis. D(qpe)_r
is the duty cycle with the delay of two switching cycles.

From (23), the reconstruction can characterize the same am-
plitude information of the actual dc-side current iy,. The phase
information in i;,_, is delayed by one switching cycle.

From (19), the quadrature signal of the dc-side current har-
monics at 6k,w, is required for the feature extraction. In the
algorithm, the quadrature signal iy is obtained from the re-
constructed dc-side current iy, ,.. The harmonics ¢4 1, near the
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resonance frequency can be expressed as
! [Kh (1 — e T )iLJ“,kr /GkrngS]
= I, , cos [6k,wy(t — 1.5T5) + oLk, ]

irdk, = L~
(24)

where iy, ;. 1, is the resonant harmonic of iy, ., L'() is the
inverse Laplace transformation, and K, is the compensation gain

Ky, = 1/|G(j6k,w,)| = 1/](1 )/ §6kveo, T,].
(25)
From (24), the phase delay between ir,q,, and actual dc-side
harmonics at the same frequency is 1.5Ts, and the amplitude
decay is compensated. To ensure the precision, the phase delays
of the applied dc-side current should be the same. Hence, the
adjusted dc-side current i is obtained, whose harmonics iz ¢ 1.
can be expressed as

-1 [O.5Kh(1 + e_STs)iLJ)]gT]
— 9k, wyTy) .

—e —j6k,wy T

infk,. =L

= ILJW sin (Gkngt + OLk, (26)

The harmonics iz ¢, andirq ., near the resonance frequency
are the input signals of the high-to-low frequency mapping in
(19). The adjusting angle 6.5k, /»)+ in the software algorithm
can be generated from the grid angle with the delay of T, and
the angle of i,y 5., from the phase-locked loop (PLL)

Ochk, /o)t = 6k [wg (t = Tim) + @] /7 + Yok, +
— [6krwg (t — 1.5T%) + ¢rk, ]
= arcsin [(6k; £ 1) sin @eri, /Mek, +]
— Ger, + 6kpwy (15T, — Tn)
— 6k, (1 —1/x) [wg (t — T1n) + ] .

As the delay T, of the grid angle is set as 1.57, the com-
ponent 6kw,(1.5T; — Tp,) in (27) is equal to 0, and ., can be
obtained from the error between the grid angle and the angle
of ir ¢, with the same delay 1.57, which can be applied to
generate the amplitude ratio Mgy, +. The mean value of ij, can
be extracted with the lowpass filter (LPF). With the delayed grid
angle, the compensated feature signal ife(mi+)_rrelatedto I, g is
extracted from (18). The compensated feature signal ife( )
related to iz, is extracted with the frequency mapping, and
the compensated feature signals ito(yk, —)_r a0d igo(wk, 4)_r ar€
obtained with the bandpass filter (BPF) whose center frequencies
are 6w, and 12w 4, respectively. The phase delays of ife(wi+)_r»
ife(mk:t)fr’ and ife(hk:i:) rare 1.57
1 [ ~1.5sT,

27)

fe(wh,—)_r = L~ *Ufe(wh, — )]
= [—Ir0cos6 (0, — 1.5w,Ty)/(6k, — 1)
+Mep, — (cosOcpi+in sk, +sinbepitirar,)/(12k, —1)]

-2\[/77

; e —1.58Ts ;
Ue(wkp+)_r = L [ ® Ue(wk, —0—)]

= [I1,0c0s12 (0, — 1.5w,T)/(6k, + 1)
+Mep, + (€08 Ochasinfk, +sinbOcporirar, )/ (12k, + 1)]
-2\/§/W

(28)
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The amplitude of ige(yk,+) » is equal to the grid harmonics
at (6k, + 1)w,. The amplitudes and phases of 4 (y1, —)_» and
Ufe(whk, +)_rNeed to be further adjusted to improve the suppres-
sion ability, which applies the additional components M ;_ and
Mgy

{Md = K1(cos@q 1 +singg 1 - s/6wg) (29)

M, = Ks(cos g 2 +sinpg o - s/12w,)

where K1, Ko, 4 1, and 4 o are the adjusting coefficient and
phases for i, — and ifef, -

As seen in Fig. 10, the feature signal is a periodic sinusoidal
signal. According to [7], the closed loop of ige(k, +)  applies
the proportional-resonant (PR) controller to increase the control
performance. The resonant frequencies are set as 6w, and 12w,

6K, 1&1wgs 12K 580wy s
52+ 661wys + 36w?2 5% 4 1289wy s + 144w?2
(30)
where Gpr is the transfer function of the PR controller. K, K, 1,
and K, are the proportional gain and the resonant gains related
to 6w, and 12w,. &1 and &, are the bandwidths related to 6w,
and 12w, respectively.

In the FOC, the duty cycle is obtained with the space vector
pulsewidth modulation, whose reference is u4.. From [6], the
additional harmonics at the motor side is generated by the dc-link
ripples. Hence, the dc-link voltage can be seen as the input signal
of the feature signals. The relationship between the adjusting
angle A6, and dc-link voltage Aug. is expressed as

GPR :Kp+

Aeu = - GPR (Mdfife(wkrf)_r + MdJrife(wkr—}-)_r)

= GaaAgc (31

where G,,,,q is the transfer function from A#,, to Auge.

As shownin (31), the PR controller output depends on the dif-
ference between iret and M g ige(wk,—) r + M atite(wh, +)_r-
The reference voltages uqgret » in af3-axes after control are
derived as

FMMT}_{wM@+A%) ﬁm&+A%q[wM]
Upret r| | —sin(fe + AOy) cos(f, + A0,)| |Uagret

(32)
where ugrer and ugrer are the d- and g-axis reference voltages,
respectively.

As the position and speed observer converges, the estimated
rotor position 0, is equal to the equivalent sampled position ...
According to [6], the equivalent voltage references u gyt » and
Ugret_r 1IN dg-axes can be expressed as

Udreffr,O + A'U/clrefr:| _ |:Udref70 + AUgrer — Uqref,OAeu
Uqrefir,O + AUqreffr Uqref,O + Auqref + Udref,OAeu
(33)
where Ud,qref_r,09 Ud,qref,Os AMd,qref_ra and AMd,qref are the
averages and the variations of the reference voltages in dg-axes
with and without control, respectively.

According to (33), the regulation of the voltage angle is
equivalent to inject additional small variations —U gref,0 A0, and
Ud ,c1,0A8,, into the reference voltage. The introduced voltages
contain the harmonics at the frequencies of 6w, and 12w, which
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are adopted to reshape the impedance relationship between the
grid resonance and the rectified voltage.

C. Parameter Design and Performance Analysis

In order to obtain the optimal control effect, the parameters of
adjusting components need to be analyzed. From [6], the transfer
functions Wgnaq and W,,.q between the dc-link voltage and
stator current in dg-axes are reshaped as

Wd,qmad = Wd,q + e 5Ts Gmade,qre
Wdre _ 1 7Uqref,0A2q - Udref,OAlq
que — AzxgAra— Az Al Udrcf,OAld + Uqrcf,OA2d
(34)

The transfer function of the inverter input admittance Y,,.q
can be denoted as (35) after applying impedance reshaping

Yiua=Yn+Y e = 1'5€*ST5 Grad [Wdre(Ud,O 'H'UeLdLLO
+Lalaos + LaoRs) + W (Ugo — welLglao

+Lqu$()S + Iq’oRs)} /Udc,(] + Ym (35)
where Y, is the virtual admittance introduced by the suppres-
sion strategy. The transfer function G, ,q shown in (31) is hard
to realize, which means that Y,,,. should be further simplified
to reduce the difficulty of parameter design.

Based on the analysis, L™' (Ad,,) only contains the harmonics
at the frequencies of 6nw, (n = 1, 2). Different from designing
M and M 4, in a full-frequency band, the amplitude and phase
characteristics can be designed separately at specific frequency,
which can bring the better harmonic suppression effect [6].
Hence, Y, can be simplified as

Ymre — (Y;el COS Prel + }/rel sin <prels/6wg) GBPFI

+ (Y;‘e2 COS Pre2 + Y;'e2 sin §0r625/12wg)GBPF2
(36)

where Ggpri and Gppps are the transfer functions of BPFs for
Utek,— and Zfep, 4, respectively. Yie1, Yre2, Pre1, and pre2 are the
amplitudes and phases of Y, at the frequencies of 6w, and
12w,.

The characteristics of Y. at the frequencies of 6w, and 12w,
should be the same before and after the design. Under iy = 0
control, Y., and ¢.e,, should be set as

Y;en =1.5 |Gmaanren|/Udc,07 Pren
= éGmaanren - 671ng9
M. =W g (qu,O + WeLquD)
+que (qu() + Iq,oRs + 6Lqu708)

37

In (37), M,., and G,;aq, represent M, (jonw,) and
G 0a(jOnw ), respectively. From (37), Wgy. and W, are re-
lated to the system parameters and operation conditions, which
means that the design of G,,,,4,, 1s essential to reduce the grid
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Fig. 12.  Grid harmonic amplitudes near LC resonant frequency with different

values of Yyen and pren (n = 1, 2). (a) At (6k;- — Dwg. (b) At (6k, + Dw.

current amplitude caused by the resonance

C"YmadlUdc,lejtpdc1 = *(Kp + KTl)Kl-[wkT,madf
Xej(ﬁod,l+¢Pwkr,7nad—+6¢—9ngs)

_(Kp + KTQ)KQIwkT,madJr
x eI (Pd_2FPwky, mad++120—18wyTs)
(38)
where ,;, mad=+ 1s the amplitude of the grid current with control
at (6k = 1)w . Yok, mad+ 18 the phase difference between the grid
current and the rectified voltage related to 6kw, with control.
From (35), the transfer functions among the dc-side current,
dc-link voltage, and rectified voltage K,,,.q and K,,,,.q after
control are expressed as

K = A'L'L/Augrec = 1/ [1/ (Ym +Y e + Cch)
+Lgcs + Rg]

K ymad = Audc/Augrec = 1/ [1 + (deS + Rg)
X (Ym + Ymre + Cch)}

Gmad2 Udc,2 el Pdez

(39)
Hence, Lk, mad+ and @k, mad+ can be expressed as

6 Mgk, mad+ | K madk |Ug SIn 06k, mad+ 4 Iro 2
Toprgs = 23 7(36k2—1)(12k+1) gkil
b a -
whm 4 + 6 Mok, mads | B madks |Ug COS 06k, mads
7(36k2—1)(12k%1)
6 Mg mad+Ug| K maak|
T(36k2—1)(12kE1)

ej‘PGk,,?nadi )

. T
Pwk,mad+ = Z(i] GkLQ)l +

(40)
where K41 represents K, .4 (jokw )
M mad+
= \/36k2 + (£12k + 1) sin? (/K aax — 7/2) @1

©6k,mad = arcsin [(6k £ 1)
x sin (LK madk — 7/2) | Mok made]

From (40), the adjusting coefficient and phases K, and ¢4
can be designed through analyzing the amplitudes of resonant
components Iy mad— and Ik, mad+ at the grid side. The
harmonic amplitude Iy, maq— under different values of Y,e1
and ¢ye1 is shown in Fig. 12(a). Ik, mad— 1s reduced from
1.14 to 0.43 A when Y,e1 and ¢, are set as 2.7e-3 and 210°,
respectively. The harmonic amplitude Iy, mad+ With different
amplitudes and phases of Y, at 12w, are demonstrated in
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(b)

Fig. 13.  Resonant component of the grid current under different operating
conditions with high- and low-frequency coefficients of the proposed resonance
suppression strategy. (a) At (6k, — D)wy. (b) At (6k; + Dwy.

Fig. 12(b). Ik, mad+ 1s decreased from 0.75 to 0.33 A when
Yie2 and peo are set as 3.5e-3 and 335°, respectively, which
illustrates that the control method can reduce the harmonic of
the grid current at (6k, — 1)w, and (6k, + 1)w 4, effectively.
With the designed Y, and ¢y, the amplitudes and phases

of Kypaa and Kymaq at 6w, and 12wg can be obtained. From
(37)—(39), the adjusting coefficient and phases of M s and M 4
can be derived as
Kl = 4Ude,OYvrelU-g |Kumad1‘/

35m [Iwk,‘,mad— |Mre1‘ (Kp + Krl)]
Pd_1 = Prel + ZI<u'mad1 + 77/2 + 15ngs

*ZMrcl — Pwk, ,mad—
Ky = 4Uqc,0Yre2Uyg | K ymadt|/

1437 [Iwkr,madJr |Mr62| (Kp + KrQ)]
Pd_2 = Pre2 T+ LK ymad2 + 77/2 + 30ngs

(42)

_ZMre2 — Pwk,,mad+

where Kmaan represents Ky paq(jonw,) (n =1, 2).

Fig. 13 shows the harmonic amplitudes of the grid current un-
der different operation conditions with high- and low-frequency
coefficients. With the designed coefficients (Y1 = 2.7e-3 and
Yre1 = 210°), Iyk, mad— can be reduced effectively under the
frequency coefficient of 4 and 2. Specifically, the harmonic
amplitude at (6k, — 1)w, can be reduced from 1.13 to 0.52 A
under the speed and torque of 75 Hz and 30 N-m, which is 0.30
A lower than the result under the frequency coefficients of 1 and
0.8, respectively. As shown in Fig. 13(b), the amplitudes of the
grid current at (6k,- + 1)w, can also be reduced more effectively
with the high-frequency coefficient. Meanwhile, the difference
between /4, mad+ and the amplitude of i,,;+ does not exceed
0.03 A. The deterioration of high-frequency resonance on the
grid current is almost eliminated under the coupling between the
grid- and dc-side currents. Meanwhile, the proposed resonance
suppression method can work effectively through improving the
frequency coefficient in a wide speed and torque region.

As there exist faults or sensing errors in the motor current
sensors, the reconstructed dc-side current is introduced into
additional deviation /4c 0 and iqe, of the mean value and the
small-signal variation at 6kw 4, respectively. Hence, the recon-
structed dc-side current i;, . with the deviation can be expressed
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as

o0
i e =11 co+ g U ek
k=1

=I5 co+ Z Iy, ¢k sin (6kwgt + o1, ck)
k=1

o0
=ir_pr + Lge,0 + E Ide,k
=1

=irr+Taco+ O Tacksin (6kwyt + paer)  (43)
k=1

where I, .o and iy, . are the mean value and the harmonic
of the dc-side current with the deviation at 6kw 4, respectively.
I4e,1 and e, are the amplitude and the phase of iz, . 1, respec-
tively. Iqe ; and @g4ey are the amplitude and the phase of iqe 1,
respectively.

Under the condition of the faults or sensing errors, the deviated
feature signals 7¢e(, 1, +)_o are extracted with the grid angle, the
mean value /7, . o, and the resonant component ¢y, . j, of the
dc-side current with the deviation

ife(wkT—)_e
= Ty ek,— sin [6(wgt + ) — IwgTs + Quy_ek, —)
_ 2\/3/71. . {_ (Iz,0+1de,0) cos[6(wgt+@) 9wy Ts]

6k, —1

+ Megr,—KnIr ek sin[6(wgt+¢)—9wyTs+Pe6k,—]
12k,—1

. (44)
Ue(wk,+)_e
=Ty ek, + sin [12(wgt + @) — 18wy Ty + Yu_ck,—]

_ (IL,O“F[de,O)COS[IQ(Wgt+<p)718WgT<]
=23/ { o]
+ Mgk, + Knlp ek, sin[12(wgt+¢) 18wy Ts+9e6k,+] }
12k, +1

where [, i+ is the amplitude of the deviated feature signal for
the grid current harmonic at (6k &= 1)wg. ¢, cx+ is the phase
difference between the deviated feature signal ife(wkt)_o and
the rectified voltage harmonics at the frequency of 6kw 4/x.

In (44), M ¢6 1+ and g+ are the amplitude ratio Mg+ and
the phase difference g+ with deviation, respectively, which
can be obtained with the phase error ¢, . between iy, . and
the rectified voltage harmonics at 6kw.

As the system operates stably, the harmonic amplitude 7 j
of the varied deviation is much lower than that of the dc-side
current. Hence, M g1+ and @65+ are equal to 6k,40.5 and
WYer_ek> Tespectively. From the vector analysis in (16), the devi-
ation of the feature extraction near the resonance frequency can
be approximately expressed as

e.ﬂpwdky-Jr — Iw e]@w,ek”r _ Iwkie‘]@wlﬁ»

dek,,.i
~ [£jlae0/(6k, £ 1)

_ek+

(Gkr :l: 05) K}lee k.. ]‘(‘Pd " +6k T.—6k L,D)

Y.
12k, + 1 € ’ V3 /m

(45)
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Fig. 14.  Resonant components of the grid current under different amplitudes

and phases of the dc-side current deviation. (a) At (6k, — 1)wg. (b) At (6k;
+ Dwy.

where I,,4;+ is the amplitude of the deviation of the feature
extraction related to (6k &= 1)wg. @qk+ is the phase difference
between the feature extraction deviation and the rectified voltage
harmonics related to 6kw.

The faults or sensing errors in the motor current sensor reduce
the precision of the feature extraction. The deviation of the
feature extraction generates the additional angle Afy. in the
adjusting angle, which can be expressed as

Aeu = — G [Md—ife(wkrf)fe + Md-&-ife(wkr-ﬁ-)j,]
- (Gmad + Gde) Audc (46)

where G, is the transfer function from Af4e to Auge.
From (35), the inverter input admittance Y,,,q introduces
additional admittance Yq. from the feature extraction deviation

Y = 1.5e TG M e

Yie1 8i0 0ge15
6wy

Q

(Ydel COS Yde1 + ) GBrri1
Yqe2 Sin 0geas

120, > Gprr2 (47)

+ (ch2 COS Pdea +
where Yge1, Yde2, de1, and @qes are the amplitudes and phases
of Y. at the frequencies of 6w, and 12w,,.

From (45) and (47), the relationship between the additional
admittance Y4, and the feature extraction deviation is expressed
as

35VBM o1 Muum1 Lwdi, e’ Fwdhr-
32U, Udc,0=35V3M re1 Maen1 Twdr,.— €’ “wdkr=
YyopedPder = 143V3M oo M uumz Lwdry 4 € P¥dkr+
¢ 32UgUdc,0—143V3M ros M dena Ly dk,. + € Fwdkr+
i -1 T
Mnumn - (Kp + Krn)Kne]((Pd’n Bnwg S)/I(unLadn

M genn = (K + Kpp) Ky e (Pan 15099 T2) (360 Lcwy + Ry)
(48)

With the parameter identification algorithm, the faults or
sensing errors do not influence the calculation accuracy of the
mean value of the motor voltage and currents in dg-axes, and the
additional deviation /4. ¢ can be monitored. Hence, the influence
of i4e,k, 18 discussed in this article.

The resonant components of the grid current under different
amplitudes and phases of the dc-side current deviation are shown
in Fig. 14. The harmonic amplitudes of the grid current at
(6k, — 1)w, and (6k,. + 1)w, vary in a wide range with different

YdCl ej‘pdel —
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Fig. 15.  Nyquist plots of Y,,,aq4/Y with different amplitudes of the dc-side

current deviation. (a) Overall Nyquist plots. (b) Detailed view in (a).

Fig. 16.  Experimental platform of the electrolytic capacitorless PMSM drive.

values of @ger,.. For example, I,,4, maq— Will increase from 0.52
t0 0.53 A when /4¢ 4 and 4e4 are 0.20 A and 20°, respectively.
The situation is revised in I4 mad+; the harmonic amplitude
at (6k, + 1)w, is suppressed from 0.19 to 0.16 A. Even if
lge,k, increases to nearly 40% of Iy j,, the deviation of the
grid current harmonics near the resonant frequency is lower than
0.03 A, which means that the proposed method can maintain the
control performance under the faults or sensing errors in the
motor current sensors.

The drive system stability can be evaluated by the Nyquist
criterion according to the ratio of the LC filter impedance and
the PMSM impedance. The admittance of the LC filter Y is

Y ; = (LacCacs” + RygCacs + 1) /(Lacs + Ry).  (49)

The Nyquist plots of Y,,,,aa/Y with amplitudes of iqe 1, are
shown in Fig. 15. The proposed method can maintain the stability
of the drive system when the amplitude is lower than 0.1 A.
However, the situation is on the opposite when Iy j, is too
high, and the stability is deteriorated. From Fig. 15, the limit of
sensing errors in the motor current sensor is near 0.1 A.

IV. EXPERIMENTAL RESULTS

The proposed strategy is verified on a 5.5-kW electrolytic
capacitorless PMSM drive, as shown in Fig. 16. The dc-link
capacitance and the line inductance are set as 80 pF and 0.2 mH,
respectively, and the LC resonant frequency is 1258 Hz (k. = 4).
The sampling frequency is 8 kHz. The grid input is 380 Vrms
(50 Hz). The motor parameters of Ly, Ly, and Ry are 7.5 mH,
17.2 mH, and 0.265 €2, respectively. The control algorithms are
implemented in a DSP28075 chip.
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Fig. 17. Experimental results with the proposed resonance suppression

method at the motor frequency of 75 Hz. (a) Enable the proposed strategy.
(b) Zoomed view without the proposed strategy. (¢) Zoomed view with control
of ife(w4-)_r. (d) Zoomed view with control of ife(wa+)_r

Fig. 17 shows the experimental results at 75 Hz. The wave-
forms from the top to the bottom are the dc-link voltage, the
feature signal$ ife(wa+)_r, and the w-phase grid current. ife(a-)_r
and ife(yway)_r are the feature signals of the 23th and 25th
harmonics in the grid current, respectively. With the control of
ife(w4-)_r» the peak-to-peak values of the dc-link voltage and
the grid current fall from 115.6 V and 53.3 A to 103.1 V and
40.0 A, respectively. After the further control of ife(yat)_r, the
peak-to-peak values can be reduced to 96.9 V and 34.6 A. The
harmonic amplitudes of the grid current at 1150 and 1250 Hz
are decreased from 1.1 and 0.7 A to 0.5 and 0.3 A, respectively.

Fig. 17(b)—(d) shows the zoomed views of the experimental
results without and with the proposed strategy. The distortion
of the dc-link voltage and the grid current can be suppressed
with the method. The frequency coefficient x is set as 4 and 2
for the harmonic suppression at 23w, and 25w, respectively.
Hence, the frequencies of ife(w4-)_r and ife(wat)_r are set as 300
Hz (k./x = 1) and 600 Hz (k./x = 2), respectively, and their
amplitudes are equal to the amplitudes of the 23th and 25th
harmonics in the grid current, respectively.

Fig. 18(a) and (b) shows the results with the conventional
method proposed in [19]. With the optimal parameters, the
peak-to-peak values of the dc-link voltage and the grid current
are reduced from 115.6 V and 53.3 A to 104.3 V and 46.7 A,
respectively. As shown in Fig. 18(b), the peak-to-peak values
are varied to 121.9 V and 55.0 A as the conventional method
is operated with the general parameters. Comparing the results
in Fig. 17(c) with those in Fig. 18(a), the proposed strategy has
better suppression performance for high-frequency resonance.
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Fig. 19. FFT analysis of the grid current. (a) Without the strategy. (b) With

the optimal conventional method. (c) With the general conventional method.
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Fig. 19 shows the fast Fourier transform (FFT) analysis of
the grid current at the motor frequency of 75 Hz. As shown in
Fig. 19(a), the grid current contains the components, caused by
the dc-link ripples, at 250, 350, 550, and 650 Hz, and the resonant
component at 1150 and 1250 Hz. By comparing Fig. 19(a) and
(b), the total harmonic distortion (THD) of the grid current
can be reduced by 8.9% with the optimal parameters of the
conventional method in [19]. The grid harmonic amplitudes at
1150 and 1250 Hz are reduced from 1.1 and 0.7 A to 0.6 and
0.6 A, respectively. After further increasing the control gain,
the grid harmonic amplitude at 1250 Hz is reduced from 0.7 to
0.4 A. However, the harmonic amplitude of the grid current at
1150 Hz is increased from 0.7 to 1.1 A, and the THD of the
grid current increases to 74.8% with general control. Hence,
the direct extraction of the resonance information at the dc side
cannot achieve effective suppression in the drive system with
low dc-link inductance.

As can be seen in Fig. 19(d), the resonant components can be
effectively suppressed with the proposed method, and the THD
can be reduced from 77.2% to 60.3%. Besides, the harmonic
amplitudes at 250 and 350 Hz are also decreased from 5.3 and
3.2 Ato 4.2 and 0.6 A, respectively. Fig. 19(e) shows the FFT
of the grid current with the control of ife(w4-)_r and ife(wa+)_r»

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 4, APRIL 2025

. 1w(20A/div) . .
— Before control =»#With control of g4 AWith control of peqyas)

Time (6ms/div)

(@

-126.3 de;

i(20A/div)
Conventional control 7&— Increase gain —»|
Time (6ms/div)

(b)

Before control

Fig.20. Experimental results of grid current harmonics. (a) With the proposed
method. (b) With the conventional method.

and the THD can be further reduced to 45.0%. The harmonics
at 550 and 650 Hz are reduced to 1.5 and 1.4 A, respectively.

Fig. 20(a) shows the influence of the proposed strategy on the
grid current harmonics related to the mean value and harmonics
of the dc-side current, whose amplitudes are equal to those
of ife(ma+)_r and ife(pas)_r, respectively. The grid harmonic
amplitudes related to the dc-side current at 6k,w , are decreased
from 1.1 and 1.0 A to 0.7 and 0.8 A, respectively. Meanwhile,
the phase difference between ifo(sma+)_r and ife(pa+)_» changes
from 79.8° and —-96.7° to 123.0° and —154.4°. From the vector
analysis in Fig. 9, the deterioration effect of i¢e(p4+)_, on the grid
harmonic amplitude 7, is increased as the phase difference
gets close to 0°, which means that the control strategy can reduce
the resonant components of the grid current.

Fig. 20(b) shows the effectiveness of the conventional method
in [19]. With optimal parameters, ife(p4-)_r and ige(pa4)_r are
suppressed to 0.9 and 0.8 A, respectively, which results in the
decrease of 0.4 and 0.1 A in the resonant components of the grid
current. Increasing the control gain, the amplitudes of ife(p4 )_r
and ige(pay)_r are further reduced to 0.7 and 0.6 A, respectively.
The suppression effect of LC resonance in the dc-side current is
improved. However, the phase difference between ife(.,4-)_rand
ife(h4-)_r varies from 123.0 to 66.3°, which causes the increase
of the deterioration effect of iL 4 on the grid current harmonic
iw4-. The current coupling between the grid and dc sides worsens
the grid harmonic amplitude at 1150 Hz under the conventional
method in [19].

To further verify the effectiveness of the strategy, Fig. 21
shows the experimental results at the motor frequency of 60 Hz.
The peak-to-peak values of the grid current are reduced from
45.2 to 30.4 A, respectively.

To analyze the implication of the proposed method over the
dc side, the dc-link voltage, the actual dc-side current, the recon-
structed dc-side current, and the current harmonic at 1200 Hz
are shown in Fig. 22. According to the aforementioned analysis,
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Fig. 21. Experimental results with the proposed resonance suppression
method at the motor frequency of 60 Hz.
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Fig. 22.  Implication of the method over the dc-side current. (a) Without the
strategy. (b) With the proposed strategy.
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Fig. 23. Experimental results with the proposed resonance suppression
method under the grid-line impedance of 0.1 mH. (a) Zoomed view without
the proposed strategy. (b) Zoomed view with control of ife(3-)_r- (¢) Zoomed
view with control of ife(w34)_r-

the resonant component of the dc-side current can be suppressed
if the ratio w./ws is near 0.15. The amplitude of the resonant
component in the dc-side current is reduced from 1.4 to 0.9 A.
The ripple amplitude of the reconstructed dc-side current iz is
equal to that of the actual value i;. The phase delay between
irfand iz, is delay of 1.5T, which is consistent to the analysis
in (26).

In order to verify the robustness of the strategy, the grid-line
impedance is set as 0.1 mH, and the resonance frequency is
880 Hz. Fig. 23 shows the experimental results at 75 Hz. As
can be seen in Fig. 23(a), the harmonic order k.. of the dc-side
current, which is severely affected by LC resonance, varies from
4 to 3. The frequencies of compensated feature signals ife(w3-)_r
and ife(.3+)_rare also set as 300 and 600 Hz, respectively, which
means that x = 3, 1.5. With the control of i3, the peak-to-peak
values of the dc-link voltage and the grid current fall from 96.9 V
and 58.3 A to 71.8 V and 36.7 A, respectively. After the further
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Fig.24. Dynamic experimental waveforms of the proposed method. (a) Speed
dynamic process. (b) Load torque dynamic process.
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Fig.25. THD of the grid current. (a) Under different output power conditions.
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control of ife( w3+ )_r, the peak-to-peak values can be reduced to
64.6 V and 29.8 A. The harmonic amplitudes of the grid current
at 850 and 950 Hz are decreased from 5.1 and 3.6 Ato 2.1 and 0.9
A, respectively. This means that the proposed method maintains
the effectiveness under the variations of the ac-side (grid side)
impedance.

The experimental waveforms of variable speed operation are
shown in Fig. 24(a) when the operation frequency varies from
60 to 75 Hz and back to 60 Hz. The overshoot caused by the
step variation of the motor speed is lower than 3 Hz, and the
stability of the motor speed is not deteriorated. Fig. 24(b) shows
the experimental waveform when the load torque varies between
30 and 37 N-m. The disturbance of motor speed from the torque
step variation is lower than 2 Hz. Meanwhile, the amplitude of
the resonant component in the grid current remains below 0.7
A during the torque and speed changes. Hence, the proposed
method has the tolerance of dynamic performance, and torque
and speed ripple.

Fig. 25(a) shows the THD of the grid current under different
output power conditions. As the output power increases, the
control performance of the conventional method with optimal
parameters reduces significantly. With the proposed method, the
THD of the grid current can be reduced by more than 30%.
The THD of the grid current will satisfy the requirement of
IEC-61000-3-12 (Rsc. > 350) if the grid current is higher than
16 A. Ry is the short-circuit ratio of the drive system.
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Fig. 25(b) shows the THD of the grid current under different
values of grid-line impedances. As the grid-line impedance
increases, the THD of the grid-side current can be reduced by
more than 30%, which proves the robustness of the strategy to
the variations of the ac-side (grid side) impedance.

V. CONCLUSION

This article studies the high-frequency resonant suppression
method in the electrolytic capacitorless drive system with low
dc-link inductance. The coupling between the grid- and dc-side
currents is analyzed, which shows the difficulty of harmonic
suppression through extracting the resonance information from
the dc side. On this basis, the low-frequency feature signals
of the grid current harmonics are constructed with the dc-side
current and the grid voltage phase. An impedance reshaping
strategy based on the closed loop of feature signals is proposed.
With the high-to-low frequency mapping, the high-frequency
resonance information can be controlled directly through the
feature signals at the frequencies of 300 and 600 Hz, which
suppress the resonant components of the grid current effectively.
The experimental results show that the method reduces the
harmonic amplitudes of the grid current at 1150 and 1250 Hz
by 55% and 58%, respectively. Meanwhile, the THD of the
grid-side current is reduced by 32.16%.
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