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Abstract—For 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

A PERMANENT magnet synchronous motor (PMSM) is
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
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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 ωs and resonant
frequencies ωre of the existing suppression methods are shown
in Table I.

According to recent research, the ratio ωre/ωs of 0.15 can be
regarded as the high-frequency resonance. Hence, the switching

TABLE I
SWITCHING AND RESONANT FREQUENCIES OF RESONANCE SUPPRESSION

METHOD

Fig. 1. Topology of the PMSM drive with the small dc-link capacitor.

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 udc and dc-side current iL can
be expressed as⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

udc = Udc,0 +
∑∞

k=1 udc,k = Udc,0

+
∑∞

k=1 Udc,k sin (6kωgt+ ϕdck)

iL = IL,0 +
∑∞

k=1 iL,k = IL,0

+
∑∞

k=1 IL,k sin (6kωgt+ ϕLk)

(1)

where Udc,0 and udc,k are the mean value and the kth harmonic
of the dc-link voltage, respectively. Udc,k and ϕdck are the
amplitude and the phase of udc,k, respectively. IL,0 and iL,k are
the mean value and the kth harmonic of the dc-side current,
respectively. IL,k and ϕLk are the amplitude and the phase of
iL,k, respectively. ωg is the grid angular frequency.

From [19], the rectified voltage ugrec can be expressed as

ugrec = 3Ug

[
1−

∞∑
k=1

2 cos(6kωgt+ 6kϕ)/(36k2 − 1)

]
/π

(2)
where Ug and ϕ 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 iwk– and iwk+ at the
frequency of (6k – 1)ωg and (6k + 1)ωg, whose amplitudes are
Iwk– and Iwk+, 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 ΔiL/Δugrec. ΔiL and Δugrec 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 Ts) cannot be ignored under
the high-frequency resonance, whose transfer function Gh is

Gh = (1− e−sTs)/sTs. (3)

According to [6], Wd and Wq are defined as the transfer
function from the dc-link voltage variation Δudc to the current
variations Δid and Δiq in dq-axes, which are denoted as[

W d

W q

]
=

1

Δudc

[
Δid
Δiq

]
=

(1− e−1.5sTs)
/
Udc,0

A2qA1d −A2dA1q

×
[
Udref,0A2q − Uqref,0A1q

Uqref,0A1d − Udref,0A2d

]
. (4)

[
A1d A1q

A2d A2q

]
=

[
Rs + Lds −ωeLq

ωeLd Rs + Lqs

]

+ e−sTsGh

[
Gd 0
0 Gq

]
. (5)

In (4), Ud,qref,0 is the reference voltages in dq-axes. In (5),
Ld,q, Gd,q, Rs, and ωe are the inductances in dq-axes, the
transfer functions of the current controllers in dq-axes, the stator
resistance, and the motor frequency, respectively.

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

Km = ΔiL/Δugrec = 1/[1/(Y m + Cdcs) + (Ldcs+Rg)]
(6)

where Ldc, Cdc, and Rg are the dc-link inductance, the dc-link
capacitance, and the line resistance, respectively.

Ym is the transfer function of the inverter input admittance

Y m = [−IL,0 + 1.5W d (Ud,0 + ωeLdIq,0 + LdId,0s

+Id,0Rs) + 1.5W q (Uq,0 − ωeLqId,0

+LqIq,0s+ Iq,0Rs)] /Udc,0 (7)

where Udq,0 and Idq,0 are the average values of the actual
voltages and currents in dq-axes, respectively.
ΔKm and the resonant frequency ωre are defined as

ΔKm = Km −Km,id, ωre = 1/2π
√

LdcCdc (8)

Fig. 3. Block diagram of ΔKm under different values of ωre.

Fig. 4. Bode diagrams of Km under different values of switching
frequency ωs.

where Km,id is the transfer function of ΔiL/Δugrec under the
ideal condition (Ts = 0). From (8), the sampling and updating
errors of the harmonics caused by LC resonance increase as ωre

increases [24]. ΔKm 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 ωre 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 Ldc increases the errors of the dc-
side current harmonics near ωre, which enhances the difficulty
of extracting the resonance information of grid current directly.

In this article, the resonant frequency ωre is 1258 Hz. Under
different values of the ratio ωre/ωs, the Bode diagrams of Km

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 ωre/ωs decreases to 0.15, the magnitude of Km

near ωre 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,
|Km| near ωre increases to 62 dB as the switching frequency is
further set as 17 kHz. Hence, setting the switching frequency as
8 kHz (ωre/ωs = 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 iw contains
the harmonics iwk– and iwk+ at (6k – 1)ωg and (6k + 1)ωg

iwk± = ak cos(6k ± 1)(ωgt+ ϕ) + bk sin(6k ± 1)(ωgt+ ϕ)
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Fig. 5. Phase relationship among iw, iL, and ugrec.

= Iwk± sin [(6k ± 1)(ωgt+ ϕ) + ϕwk±] (9)

where ϕwk± is the phase difference between the grid current
iwk± and the rectified voltage harmonics related to 6kωg⎧⎪⎪⎪⎨
⎪⎪⎪⎩
ak = ± 2

√
3

π

{
IL,0

6k±1 −∑∞
k1=1

(6k±1)IL,k1
sinϕerk1

[(6k1)
2−(6k±1)2]

}
bk = ∓ ∑∞

k1=1 12
√
3k1IL,k1

cosϕerk1

/
π
[
(6k1)

2 − (6k ± 1)2
] . (10)

In (10), ϕerk is the phase difference between the dc-side
current iL,k and the rectified voltage harmonics at 6kωg

ϕerk = ϕLk − 6kϕ = ∠Kmk − π/2 (11)

where Kmk represents Km(j6kωg).
From (10), the grid harmonics iwk– and iwk+ are closely

related to the mean value IL,0 and harmonics iL,k of the dc-side
current at 6kωg, which means that the harmonics of grid current
is coupled with those of dc-side current. Hence, (9) can be
rewritten as

iwk± = imk± + ihk± = 2
√
3 {±IL,0 cos (6k ± 1)

× (ωgt+ ϕ) /(6k ± 1)

+M6k±IL,k sin [(6k ± 1) (ωgt+ ϕ) + ϕ6k±]/

(12k ± 1)} /π (12)

where imk± and ihk± are the grid current harmonics related to the
mean value and harmonics of the dc-side current, respectively.
The amplitude of imk± is less influenced by LC resonance.

In (12), M6k± is the amplitude ratio between ihk± and iL,k.
ϕ6k± is the phase difference between ihk± and the rectified
voltage harmonics at the frequency of 6kωg{

M6k± =
√

36k2 + (±12k + 1) sin2ϕerk

ϕ6k± = arcsin [(6k ± 1) sinϕerk/M6k±]
. (13)

From (12), the amplitude Iwk± and phase ϕwk± of the grid
current harmonics can be expressed as⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
Iwk± = 2

√
3

π

√√√√√√
[
6M6k±|Kmk |Ug sinϕ6k±

π(36k2−1)(12k±1) ± IL,0

6k±1

]2
+
[
6M6k±|Kmk |Ug cosϕ6k±

π(36k2−1)(12k±1)

]2
ϕwk± = arcsin

6M6k±|Kmk |Ug cosϕ6k±
π(36k2−1)(12k±1)Iwk±

. (14)

Fig. 6. Relationship between the grid current ripple and LC resonance under
the output power of 5 kW. (a) At (6kr – 1)ωg. (b) At (6kr + 1)ωg.

Fig. 7. Grid current amplitude near the resonant frequency under the variation
of the amplitude and phase in the dc-side current.

From [24], the harmonic order kr of the dc-side current, which
is severely affected by LC resonance, is

kr = R(1/6ωg

√
LdcCdc) (15)

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 (6kr – 1) and (6kr + 1). LC resonance
significantly increases current harmonics near ωre.

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 Ldc and Cdc. As Ldc and Cdc

are lower than 0.6 mH and 75 μF, 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 iwk± and the
mean value IL,0 of the dc-side current also affects the accuracy of
the grid resonance extraction. If only suppressing the resonant
harmonic iL,kr

of the dc-side current, such as the strategy in
[19], the harmonic amplitude Iwkr± at the grid side may not
decrease due to the change of the phase difference ϕerkr

. In
this article, the resonant frequency is 1258 Hz. The harmonic
amplitudes Iw4±(kr = 4) under the variation of iL,4 are shown
in Fig. 7. Assuming that A± and B± are the points without and
with the method, respectively, the dotted line shows the operation
trajectory of Iw4±. Iw4– and Iw4+ are suppressed by 1.90 and 0.60
A, respectively. As for B–, Iw4– is lower than the amplitude of
im4–, which indicates that LC resonance suppresses Iw4– at this
point. As IL,4 is further reduced to 0 A, Iw4– 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
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Fig. 8. Block diagram of the resonance suppression strategy based on the
closed loop of the feature signal at dominated frequencies.

Fig. 9. Vector diagram of the grid current and the dc-side current harmonics.

with low inductance. Hence, the grid current improved method
considering the influence of IL,0 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 iL is reconstructed with the motor current is,
duty cycle Dabc, and dc-link voltage. The compensated feature
signals ife(wkr±)_r are generated by compensating the errors
from the sampling and updating processes. x is the frequency
coefficient, which adjusts the frequencies of ife(wkr−)_r and
ife(wkr+)_r to 6ωg and 12ωg, respectively. The output of the
control loop is the voltage adjusting angle Δθu, which is su-
perimposed on the motor estimated position θ̂e. The adjusted
voltage angle is θun, 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 Iwk±ejϕwk± of grid
harmonics is the sum of the vectors Imk± and Ihk± related to the
mean value and harmonics of dc-side current, respectively

Iwk±ejϕwk± =
2
√
3

π

[
±j

IL,0

6k ± 1
+

M6k±IL,k

12k ± 1
ejϕ6k±

]
. (16)

The ideal feature signals ife(wk±) are extracted according to
the vector relationship in (16), whose amplitude and frequency
are Iwk± and 6kωg/x(x > 1), respectively. Hence, the grid har-
monics at (6k – 1)ωg and (6k + 1)ωg can be controlled directly

through adjusting ife(wk–) and ife(wk+), respectively

ife(wk±) = Iwk± sin[6k(ωgt+ ϕad)/x+ ϕwk±] (17)

whereϕad is the additional phase to adjust the feature extraction.
With the imaginary part of (16), ife(wk±) can be regarded as

the sum of the ideal feature signals ife(mk±) and ife(hk±) related
to the mean value and harmonics of iL, respectively

ife(wk±) =
2
√
3

π

[
ife(mk±) + ife(hk±)

]

=
2
√
3

π

{
± IL,0

6k ± 1
cos [6k (ωgt+ ϕad)/x]

+M6k±IL,k sin [6k(ωgt+ ϕad)/x

+ϕ6k±] /(12k ± 1)} . (18)

Hence, the amplitude of ife(hk±) is proportional to that of iL,k.
To eliminate the frequency error between ife(hk±) and iL,k, the
mapping from the high frequency 6kωg to low frequency 6kωg/x
can be expressed as

ife(hk±) =
M6k±
12k ± 1

[
cos θch(k/x)± sin θch(k/x)±

]

×
[
IL,k sin (6kωgt+ ϕLk)

IL,k cos (6kωgt+ ϕLk)

]
(19)

where θch(k/x)± is the adjusting angle of the frequency mapping.
Hence, ife(hk±) can be generated from iL,k according to (20)

ife(hk±) = M6k±
[
cos θch(k/x)± + sin θch(k/x)±d (·)

/
6kωgdt

]
× iL,k/ (12k ± 1) . (20)

And the adjusting angle θch(k/x)± can be expressed as

θch(k/x)± = 6k(ωgt+ ϕad)/x+ ϕ6k± − (6kωgt+ ϕLk)

= arcsin
(6k ± 1) sinϕerk

M6k±
− ϕerk

− 6kθg

(
1− 1

x

)
+

6k (ϕad − ϕ)

x
. (21)

As can be seen in Fig. 8, the angle θg =ωgt+ϕ of the grid-line
voltage can be obtained directly with the analog sampling circuit
at the grid side. As the additional phase ϕad is set as ϕ, the
coefficient 6k(ϕad –ϕ)/x is equal to 0, which means that ife(hk±)

can be extracted with the dc-side harmonic iL,k, the grid angle θg,
and the phase error ϕerk. Meanwhile, ife(mk±) can be extracted
with the mean value IL,0 and the grid angle θg, 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), ife(wkr±) can characterize the high-
frequency resonance at the grid side, which decouples the grid-
and dc-side currents.

The frequency of ife(wkr±) can be reduced to get away from
the resonant frequency ωre through increasing x. From the dash
dot line in Fig. 3, the amplitude and phase ofΔKm are decreased
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Fig. 10. Comparison of the grid current harmonics and the feature signals.

Fig. 11. Block diagram of the generation of the feature signals.

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 (is, udc, and
Dabc) need to be the same, which are set as Ts⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

is_r = 0.5(1 + e−sTs)Ghis ≈ e−0.5sTsGhis

= e−sTs |Gh| is
idc_r = Cdc(1− e−sTs)Ghudc/Ts ≈ se−0.5sTsCdcGhudc

= e−sTs |Gh| idc
(22)

where is_r and idc_r are the motor current and the adjusted dc-link
current, respectively. idc 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 iL _r can be presented as

iL_r = e−0.5sTsGhsCdcudc + (Da_ria_r +Db_rib_r

+Dc_ric_r) = e−sTs |Gh| iL (23)

where i(abc)_r is the component of is_r on the abc-axis. D(abc)_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 iL. The phase
information in iL_r is delayed by one switching cycle.

From (19), the quadrature signal of the dc-side current har-
monics at 6krωg is required for the feature extraction. In the
algorithm, the quadrature signal iLd is obtained from the re-
constructed dc-side current iL_r. The harmonics iLd,kr

near the

resonance frequency can be expressed as

iLd,kr
= L−1

[
Kh(1− e−sTs)iL_r,kr

/6krωgTs

]
= IL,kr

cos [6krωg(t− 1.5Ts) + ϕLkr
] (24)

where iL_r,kr
is the resonant harmonic of iL_r, L-1(·) is the

inverse Laplace transformation, and Kh is the compensation gain

Kh = 1/|Gh(j6krωg)| = 1/|(1− e−j6krωgTs)/j6krωgTs|.
(25)

From (24), the phase delay between iLd,kr
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 iLf is obtained, whose harmonics iLf,kr

can be expressed as

iLf,kr
= L−1

[
0.5Kh(1 + e−sTs)iL_r,kr

]
= IL,kr

sin (6krωgt+ ϕLkr
− 9krωgTs) . (26)

The harmonics iLf,kr
and iLd,kr

near the resonance frequency
are the input signals of the high-to-low frequency mapping in
(19). The adjusting angle θch(kr/x)± in the software algorithm
can be generated from the grid angle with the delay of Tm and
the angle of iLf,kr

from the phase-locked loop (PLL)

θch(kr/x)± = 6kr [ωg (t− Tm) + ϕ] /x+ ϕ6kr±

− [6krωg (t− 1.5Ts) + ϕLkr
]

= arcsin [(6kr ± 1) sinϕerkr
/M6kr±]

− ϕerkr
+ 6krωg (1.5Ts − Tm)

− 6kr(1− 1/x) [ωg (t− Tm) + ϕ] . (27)

As the delay Tm of the grid angle is set as 1.5Ts, the com-
ponent 6kωg(1.5Ts – Tm) in (27) is equal to 0, and ϕerk can be
obtained from the error between the grid angle and the angle
of iLf,kr

with the same delay 1.5Ts, which can be applied to
generate the amplitude ratio M6kr±. The mean value of iL can
be extracted with the lowpass filter (LPF). With the delayed grid
angle, the compensated feature signal ife(mk±)_r related to IL,0 is
extracted from (18). The compensated feature signal ife(hk±)_r

related to iL,k is extracted with the frequency mapping, and
the compensated feature signals ife(wkr−)_r and ife(wkr+)_r are
obtained with the bandpass filter (BPF) whose center frequencies
are 6ωg and 12ωg, respectively. The phase delays of ife(wk±)_r,
ife(mk±)_r, and ife(hk±)_r are 1.5Ts⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ife(wkr−)_r = L−1
[
e−1.5sTsife(wkr−)

]
= [−IL,0 cos 6 (θg − 1.5ωgTs)/(6kr − 1)

+M6kr− (cos θch1±iLf,kr
+ sin θch1±iLd,kr

)/(12kr − 1)]

·2√3
/
π

ife(wkr+)_r = L−1
[
e−1.5sTsife(wkr+)

]
= [IL,0cos 12 (θg − 1.5ωgTs)/(6kr + 1)

+M6kr+ (cos θch2±iLf,kr
+ sin θch2±iLd,kr

)/(12kr + 1)]

·2√3
/
π

.

(28)
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The amplitude of ife(wkr±)_r is equal to the grid harmonics
at (6kr ± 1)ωg. The amplitudes and phases of ife(wkr−)_r and
ife(wkr+)_rneed to be further adjusted to improve the suppres-
sion ability, which applies the additional components Md– and
Md+ {

Md− = K1(cosϕd_1 + sinϕd_1 · s/6ωg)
Md+ = K2(cosϕd_2 + sinϕd_2 · s/12ωg)

(29)

where K1, K2, ϕd_1, and ϕd_2 are the adjusting coefficient and
phases for ifekr− and ifekr+.

As seen in Fig. 10, the feature signal is a periodic sinusoidal
signal. According to [7], the closed loop of ife(wkr±)_r applies
the proportional–resonant (PR) controller to increase the control
performance. The resonant frequencies are set as 6ωg and 12ωg

GPR = Kp +
6Kr1ξ1ωgs

s2 + 6ξ1ωgs+ 36ω2
g

+
12Kr2ξ2ωgs

s2 + 12ξ2ωgs+ 144ω2
g

(30)
where GPR is the transfer function of the PR controller. Kp, Kr1,
and Kr2 are the proportional gain and the resonant gains related
to 6ωg and 12ωg. ξ1 and ξ2 are the bandwidths related to 6ωg

and 12ωg, respectively.
In the FOC, the duty cycle is obtained with the space vector

pulsewidth modulation, whose reference is udc. 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 Δθu and dc-link voltage Δudc is expressed as

Δθu = −GPR
(
Md−ife(wkr−)_r +Md+ife(wkr+)_r

)
= GmadΔudc (31)

where Gmad is the transfer function from Δθu to Δudc.
As shown in (31), the PR controller output depends on the dif-

ference between iref and Md−ife(wkr−)_r +Md+ife(wkr+)_r.
The reference voltages uαβref_r in αβ-axes after control are
derived as[

uαref_r

uβref_r

]
=

[
cos(θ̂e +Δθu) sin(θ̂e +Δθu)

− sin(θ̂e +Δθu) cos(θ̂e +Δθu)

] [
udref

uqref

]
(32)

where udref and uqref are the d- and q-axis reference voltages,
respectively.

As the position and speed observer converges, the estimated
rotor position θ̂e is equal to the equivalent sampled position θee.
According to [6], the equivalent voltage references udref_r and
uqref_r in dq-axes can be expressed as[

Udref_r,0 +Δudref_r

Uqref_r,0 +Δuqref_r

]
=

[
Udref,0 +Δudref − Uqref,0Δθu
Uqref,0 +Δuqref + Udref,0Δθu

]
(33)

where Ud,qref_r,0, Ud,qref,0, Δud,qref_r, and Δud,qref are the
averages and the variations of the reference voltages in dq-axes
with and without control, respectively.

According to (33), the regulation of the voltage angle is
equivalent to inject additional small variations –Uqref,0Δθu and
Ud ref,0Δθu into the reference voltage. The introduced voltages
contain the harmonics at the frequencies of 6ωg and 12ωg, which

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 Wdmad and Wqmad between the dc-link voltage and
stator current in dq-axes are reshaped as

⎧⎨
⎩
W d,qmad = W d,q + e−sTsGmadW d,qre[
W dre

W qre

]
= 1

A2qA1d−A2dA1q

[−Uqref,0A2q − Udref,0A1q

Udref,0A1d + Uqref,0A2d

]
.

(34)
The transfer function of the inverter input admittance Ymad

can be denoted as (35) after applying impedance reshaping

Y mad = Y m+Y mre = 1.5e−sTsGmad [W dre(Ud,0+ωeLdIq,0

+LdId,0s+ Id,0Rs) +W qre (Uq,0 − ωeLqId,0

+LqIq,0s+ Iq,0Rs)] /Udc,0 + Y m (35)

where Ymre is the virtual admittance introduced by the suppres-
sion strategy. The transfer function Gmad shown in (31) is hard
to realize, which means that Ymre should be further simplified
to reduce the difficulty of parameter design.

Based on the analysis, L–1(Δθu) only contains the harmonics
at the frequencies of 6nωg (n = 1, 2). Different from designing
Md– and Md+ 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, Ymre can be simplified as

Y mre = (Yre1 cosϕre1 + Yre1 sinϕre1s/6ωg)GBPF1

+ (Yre2 cosϕre2 + Yre2 sinϕre2s/12ωg)GBPF2

(36)

where GBPF1 and GBPF2 are the transfer functions of BPFs for
ifekr− and ifekr+, respectively. Yre1, Yre2, ϕre1, and ϕre2 are the
amplitudes and phases of Ymre at the frequencies of 6ωg and
12ωg.

The characteristics of Ymre at the frequencies of 6ωg and 12ωg

should be the same before and after the design. Under id = 0
control, Yren and ϕren should be set as

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Yren =1.5 |GmadnM ren|/Udc,0, ϕren

=∠GmadnM ren − 6nωgTs

M re =W dre (Ud,0 + ωeLdIq,0)

+W qre (Uq,0 + Iq,0Rs + 6LqIq,0s)

. (37)

In (37), Mren and Gmadn represent Mre(j6nωg) and
Gmad(j6nωg), respectively. From (37), Wdre and Wqre are re-
lated to the system parameters and operation conditions, which
means that the design of Gmadn is essential to reduce the grid
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Fig. 12. Grid harmonic amplitudes near LC resonant frequency with different
values of Yren and ϕren (n = 1, 2). (a) At (6kr – 1)ωg. (b) At (6kr + 1)ωg.

current amplitude caused by the resonance⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Gmad1Udc,1e
jϕdc1 = −(Kp +Kr1)K1Iwkr,mad−

×ej(ϕd_1+ϕwkr,mad−+6ϕ−9ωgTs)

Gmad2Udc,2e
jϕdc2 = −(Kp +Kr2)K2Iwkr,mad+

×ej(ϕd_2+ϕwkr,mad++12ϕ−18ωgTs)

(38)
where Iwk,mad± is the amplitude of the grid current with control
at (6k± 1)ωg.ϕwk,mad± is the phase difference between the grid
current and the rectified voltage related to 6kωg with control.

From (35), the transfer functions among the dc-side current,
dc-link voltage, and rectified voltage Kmad and Kumad after
control are expressed as⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Kmad = ΔiL/Δugrec = 1/ [1/ (Y m + Y mre + Cdcs)

+Ldcs+Rg]

Kumad = Δudc/Δugrec = 1/ [1 + (Ldcs+Rg)
× (Y m + Y mre + Cdcs)]

.

(39)
Hence, Iwk,mad± and ϕwk,mad± can be expressed as⎧⎪⎪⎪⎨

⎪⎪⎪⎩
Iwk,mad± = 2

√
3

π

√√√√√
[
6M6k,mad±|Kmadk |Ug sinϕ6k,mad±

π(36k2−1)(12k±1) ± IL,0

6k±1

]2
+
[
6M6k,mad±|Kmadk |Ug cosϕ6k,mad±

π(36k2−1)(12k±1)

]2
ϕwk,mad± = ∠(±j

IL,0

6k±1 +
6M6k,mad±Ug |Kmadk|
π(36k2−1)(12k±1) e

jϕ6k,mad±)

(40)
where Kmadk represents Kmad(j6kωg)⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

M6k,mad±

=
√

36k2 + (±12k + 1) sin2 (∠Kmadk − π/2)

ϕ6k,mad± = arcsin [(6k ± 1)

× sin (∠Kmadk − π/2) /M6k,mad±]

. (41)

From (40), the adjusting coefficient and phases Kn and ϕd_n

can be designed through analyzing the amplitudes of resonant
components Iwkr,mad− and Iwkr,mad+ at the grid side. The
harmonic amplitude Iwkr,mad− under different values of Yre1

and ϕre1 is shown in Fig. 12(a). Iwkr,mad− is reduced from
1.14 to 0.43 A when Yre1 and ϕre1 are set as 2.7e-3 and 210°,
respectively. The harmonic amplitude Iwkr,mad+ with different
amplitudes and phases of Ymre at 12ωg are demonstrated in

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 (6kr – 1)ωg. (b) At (6kr + 1)ωg.

Fig. 12(b). Iwkr,mad+ is decreased from 0.75 to 0.33 A when
Yre2 and ϕre2 are set as 3.5e-3 and 335°, respectively, which
illustrates that the control method can reduce the harmonic of
the grid current at (6kr – 1)ωg and (6kr + 1)ωg, effectively.

With the designed Yren and ϕren, the amplitudes and phases
of Kmad and Kumad at 6ωg and 12ωg can be obtained. From
(37)–(39), the adjusting coefficient and phases of Md– and Md+

can be derived as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

K1 = 4Udc,0Yre1Ug |Kumad1|/
35π [Iwkr,mad− |M re1| (Kp +Kr1)]

ϕd_1 = ϕre1 + ∠Kumad1 + π/2 + 15ωgTs

−∠M re1 − ϕwkr,mad−
K2 = 4Udc,0Yre2Ug |Kumad1|/

143π [Iwkr,mad+ |M re2| (Kp +Kr2)]

ϕd_2 = ϕre2 + ∠Kumad2 + π/2 + 30ωgTs

−∠M re2 − ϕwkr,mad+

(42)

where Kumadn represents Kumad(j6nωg) (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 (Yre1 = 2.7e-3 and
ϕre1 = 210°), Iwkr,mad− can be reduced effectively under the
frequency coefficient of 4 and 2. Specifically, the harmonic
amplitude at (6kr – 1)ωg 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 (6kr + 1)ωg can also be reduced more effectively
with the high-frequency coefficient. Meanwhile, the difference
between Iw4,mad± and the amplitude of imk± 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 Ide,0 and ide,k of the mean value and the
small-signal variation at 6kωg, respectively. Hence, the recon-
structed dc-side current iL_e with the deviation can be expressed
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as

iL_e = IL_e,0 +
∞∑

k=1

iL_e,k

= IL_e,0 +
∞∑

k=1

IL_e,k sin (6kωgt+ ϕL_ek)

= iL_r + Ide,0 +
∞∑

k=1

ide,k

= iL_r + Ide,0 +
∞∑

k=1

Ide,k sin (6kωgt+ ϕdek) (43)

where IL_e,0 and iL_e,k are the mean value and the harmonic
of the dc-side current with the deviation at 6kωg, respectively.
Ide,k and ϕdek are the amplitude and the phase of iL_e,k, respec-
tively. Ide,k and ϕdek are the amplitude and the phase of ide,k,
respectively.

Under the condition of the faults or sensing errors, the deviated
feature signals ife(wkr±)_e are extracted with the grid angle, the
mean value IL_e,0, and the resonant component iL_e,kr

of the
dc-side current with the deviation⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ife(wkr−)_e

= Iw_ekr− sin [6(ωgt+ ϕ)− 9ωgTs + ϕw_ekr−]

= 2
√
3/π ·

{
− (IL,0+Ide,0) cos[6(ωgt+ϕ)−9ωgTs]

6kr−1

+
Me6kr−KhIL_e,kr sin[6(ωgt+ϕ)−9ωgTs+ϕe6kr−]

12kr−1

}
ife(wkr+)_e

= Iw_ekr+ sin [12(ωgt+ ϕ)− 18ωgTs + ϕw_ekr−]

= 2
√
3/π · { (IL,0+Ide,0) cos[12(ωgt+ϕ)−18ωgTs]

6kr+1

+
Me6kr+KhIL_e,kr sin[12(ωgt+ϕ)−18ωgTs+ϕe6kr+]

12kr+1 }

(44)

where Iw_ek± is the amplitude of the deviated feature signal for
the grid current harmonic at (6k ± 1)ωg. ϕw_ek± is the phase
difference between the deviated feature signal ife(wk±)_e and
the rectified voltage harmonics at the frequency of 6kωg/x.

In (44), Me6k± and ϕe6k± are the amplitude ratio M6k± and
the phase difference ϕ6k± with deviation, respectively, which
can be obtained with the phase error ϕer_ek between iL_e,k and
the rectified voltage harmonics at 6kωg.

As the system operates stably, the harmonic amplitude Ide,k
of the varied deviation is much lower than that of the dc-side
current. Hence, Me6k± and ϕe6k± are equal to 6kr±0.5 and
ϕer_ek, respectively. From the vector analysis in (16), the devi-
ation of the feature extraction near the resonance frequency can
be approximately expressed as

Iwdkr±e
jϕwdkr± = Iw_ek±ejϕw_ek± − Iwk±ejϕwk±

≈ [±jIde,0/(6kr ± 1)

+
(6kr ± 0.5)KhIde,kr

12kr ± 1
ej(ϕdekr+6krωgTs−6krϕ)

]
· 2

√
3
/
π

(45)

Fig. 14. Resonant components of the grid current under different amplitudes
and phases of the dc-side current deviation. (a) At (6kr – 1)ωg. (b) At (6kr
+ 1)ωg.

where Iwdk± is the amplitude of the deviation of the feature
extraction related to (6k ± 1)ωg. ϕwdk± is the phase difference
between the feature extraction deviation and the rectified voltage
harmonics related to 6kωg.

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 Δθde in the
adjusting angle, which can be expressed as

Δθu = −GPR
[
Md−ife(wkr−)_e +Md+ife(wkr+)_e

]
= (Gmad +Gde)Δudc (46)

where Gde is the transfer function from Δθde to Δudc.
From (35), the inverter input admittance Ymad introduces

additional admittance Yde from the feature extraction deviation

Y de = 1.5e−sTsGdeM re

≈
(
Yde1 cosϕde1 +

Yde1 sinϕde1s

6ωg

)
GBPF1

+

(
Yde2 cosϕde2 +

Yde2 sinϕde2s

12ωg

)
GBPF2 (47)

where Yde1, Yde2, ϕde1, and ϕde2 are the amplitudes and phases
of Yde at the frequencies of 6ωg and 12ωg.

From (45) and (47), the relationship between the additional
admittance Yde and the feature extraction deviation is expressed
as⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Yde1e
jϕde1 = 35

√
3Mre1Mnum1Iwdkr−ejϕwdkr−

j2UgUdc,0−35
√
3Mre1M den1Iwdkr−ejϕwdkr−

Yde2e
jϕde2 = 143

√
3Mre2Mnum2Iwdkr+ejϕwdkr+

j2UgUdc,0−143
√
3Mre2Mden2Iwdkr+ejϕwdkr+

M numn = (Kp +Krn)Kne
j(ϕd_n−15nωgTs)/Kumadn

M denn = (Kp +Krn)Kne
j(ϕd_n−15nωgTs)(j6nLdcωg +Rg)

.

(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 dq-axes, and the
additional deviation Ide,0 can be monitored. Hence, the influence
of ide,kr

is 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
(6kr – 1)ωg and (6kr + 1)ωg vary in a wide range with different
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Fig. 15. Nyquist plots of Ymad/Yf 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 ϕdekr
. For example, Iw4,mad– will increase from 0.52

to 0.53 A when Ide,4 and ϕde4 are 0.20 A and 20°, respectively.
The situation is revised in Iw4,mad+; the harmonic amplitude
at (6kr + 1)ωg is suppressed from 0.19 to 0.16 A. Even if
Ide,kr

increases to nearly 40% of IL,kr
, 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 Yf is

Y f =
(
LdcCdcs

2 +RgCdcs+ 1
)/

(Ldcs+Rg). (49)

The Nyquist plots of Ymmad/Yf with amplitudes of ide,kr
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 Ide,kr

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 μF and 0.2 mH,
respectively, and the LC resonant frequency is 1258 Hz (kr = 4).
The sampling frequency is 8 kHz. The grid input is 380 Vrms
(50 Hz). The motor parameters of Ld, Lq, and Rs are 7.5 mH,
17.2 mH, and 0.265 Ω, respectively. The control algorithms are
implemented in a DSP28075 chip.

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. (c) Zoomed view with control
of ife(w4–)_r. (d) Zoomed view with control of ife(w4±)_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 signals ife(w4±)_r, and the w-phase grid current. ife(w4-)_r

and ife(w4+)_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(w4+)_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 23ωg and 25ωg, respectively.
Hence, the frequencies of ife(w4-)_r and ife(w4+)_r are set as 300
Hz (kr/x = 1) and 600 Hz (kr/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. 18. Experimental results with the conventional method at the motor
frequency of 75 Hz. (a) With the optimal parameters. (b) With the general
parameters.

Fig. 19. FFT analysis of the grid current. (a) Without the strategy. (b) With
the optimal conventional method. (c) With the general conventional method.
(d) With control of ife(w4-)_r. (e) With control of ife(w4±)_r.

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 A to 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(w4+)_r,

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(m4±)_r and ife(h4±)_r, respectively. The grid harmonic
amplitudes related to the dc-side current at 6krωg are decreased
from 1.1 and 1.0 A to 0.7 and 0.8 A, respectively. Meanwhile,
the phase difference between ife(m4±)_r and ife(h4±)_r changes
from 79.8° and –96.7° to 123.0° and –154.4°. From the vector
analysis in Fig. 9, the deterioration effect of ife(h4±)_r on the grid
harmonic amplitude Iwk± 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(h4-)_r and ife(h4+)_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(h4–)_r

and ife(h4+)_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(m4–)_r and
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.

Fig. 22. Implication of the method over the dc-side current. (a) Without the
strategy. (b) With the proposed strategy.

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(w3–)_r. (c) Zoomed
view with control of ife(w3±)_r.

the resonant component of the dc-side current can be suppressed
if the ratio ωre/ωs 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 iLf is
equal to that of the actual value iL. The phase delay between
iLf and iL is delay of 1.5Ts, 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 kr 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(w3+)_r are also set as 300 and 600 Hz, respectively, which
means that x = 3, 1.5. With the control of ife3–, 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

Fig. 24. Dynamic experimental waveforms of the proposed method. (a) Speed
dynamic process. (b) Load torque dynamic process.

Fig. 25. THD of the grid current. (a) Under different output power conditions.
(b) Under different values of grid-line impedances.

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 A to 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 (Rsce > 350) if the grid current is higher than
16 A. Rsce 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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