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Abstract—Grid-connected inverters with small dc-side capaci-
tance offer cost advantages but suffer from a significant neutral-
point (NP) voltage ripple, which introduces low-frequency har-
monics into the grid current. Additionally, under weak grid con-
ditions, background harmonics in the point of common coupling
(PCC) voltage will also distort the grid current, especially when
the phase-locked loop (PLL) is considered. Existing harmonic
suppression methods struggle to simultaneously address current
harmonics from two harmonic disturbance sources, and the
influence of PLL is totally ignored. To address these issues, a
harmonic impedance model considering the influence of PLL is
derived, which reveals that the PLL provides a low-impedance
path for the current harmonic introduced by the NP voltage
ripple, while it causes amplification of the current harmonic in-
troduced by the background harmonics. Thus, a novel impedance
reshaping method based on impedance decoupling in the dg-
frame is presented. The proposed method can adaptively reshape
both the internal and external impedance of the inverter, en-
abling wideband suppression of current harmonics from multiple
harmonic disturbance sources. Finally, experiments validate the
proposed control method.

Index Terms—Grid-connected inverter, small capacitance, har-
monic suppression, PLL effect, weak grid.

I. INTRODUCTION

RID-CONNECTED inverter is the key interface for
G power conversion between the renewable energy and the
power grid, whose performance has a significant impact on
the power quality [1], [2]. In practice, cost and efficiency are
two important points for inverters, and therefore, usually a
small capacitance three-level inverter with discontinuous pulse
width modulation (DPWM) is an ideal solution to save cost
and improve efficiency. Unfortunately, a large neutral-point
(NP) voltage ripple will be introduced, resulting in grid current
containing abundant low-frequency harmonics [3].

Moreover, Distributed Power Generation (DPG) systems are
typically deployed in remote areas and thus are subject to
long-distance transmission lines and weaker grid conditions
[4], [5]. Under such grid conditions, the grid impedance
cannot be ignored. Various nonlinear loads inject harmonic
currents that flow through the grid impedance, resulting in
the point of common coupling (PCC) voltage with significant
low and medium frequency background harmonics [6]. These
harmonics in the PCC voltage are further reflected in the
grid current, leading to severe current distortion and degraded
power quality [7], [8]. Therefore, grid current harmonics are
introduced by both the background harmonics in the PCC
voltage and the NP voltage ripple.

Under weak grid conditions, since the grid current is
affected by the background harmonics in the PCC voltage,
a series of PCC voltage compensation methods have been
investigated. In [9] and [10], the PCC voltage is directly
measured and fed forward to the output of the controller.
To achieve more precise and effective harmonic suppression,
the harmonic components of the PCC voltage or grid voltage
are extracted, and those harmonic components are fed for-
ward with an appropriate gain to suppress the grid current
harmonics [11], [12], [13]. Actually, the essence of PCC
voltage feedforward is an impedance reshaping strategy, which
is equivalent to connecting a virtual impedance in parallel
with the inverter output impedance [14], [15]. Therefore, based
on the PCC voltage feedforward, a frequency-division virtual
impedance reshaping strategy is proposed in [16], which
improves the adaptability of the inverter to weak grids while
maintaining sufficient suppression of PCC voltage harmonics
simultaneously. However, the PCC voltage feedforward-based
strategy mentioned above can only suppress the harmonics
caused by background harmonics in the PCC voltage, while
it is powerless against the harmonics caused by NP voltage
ripple.

To suppress the harmonic components from two harmonic
disturbance sources simultaneously, several direct current har-
monic suppression methods have been investigated. The grid
current harmonics can be mitigated by passive filters [17]
or active power filters [18], but these methods inevitably
introduce additional cost and power losses, and they may cause
resonance problems. To achieve autonomous current harmonic
suppression, several current controllers have been proposed
such as resonant controllers [3], [19], [20] and repetitive
controllers [21], [22]. In [3], the mechanism of harmonic
generation due to the NP voltage ripple is analyzed in details,
and a proportional integral resonant (PIR) controller with a
notch filter are introduced to suppress the current harmonics.
However, the PIR controller can only suppress harmonics at
specific frequencies and cannot achieve wideband harmonic
suppression. To increase the bandwidth of harmonic control,
multiresonant controllers [19], [20] have been introduced,
which employ multiple resonant modules to achieve high
gain amplification and significant attenuation of the selected
harmonics. In addition to multiresonant controller, repetitive
controllers [21], [22] have also been applied for harmonic
suppression due to their ability to eliminate periodic distur-
bances, including a wide range of low- and medium-frequency
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harmonics. However, the instability of these controllers under
weak grid conditions remains a concern.

The instability issue under weak grid conditions is primarily
caused by the interaction between the phase-locked loop (PLL)
and the grid impedance. Some literature have studied the
stability improvement of grid-connected inverter considering
the PLL under weak grid conditions [23], [24], [25], [26].
Actually, the PLL also has a significant impact on harmonic
suppression. In the low- and medium-frequency range, the
negative impedance effect of the PLL leads to a significant
decrease in the output impedance magnitude of the inverter,
thereby affecting all harmonic disturbance sources in this
frequency range. However, few studies in the existing literature
have explored the impact of the PLL on low- and medium-
frequency harmonics. In [27], the influence of PLL dynamics
on the harmonic instability and harmonic amplification was
considered for the first time, covering this gap. However, only
the harmonic disturbances in the PCC voltage were considered,
without accounting for other harmonic disturbance sources.
In [28], two harmonic disturbance sources from distorted
grids and nonlinear loads were considered for the virtual syn-
chronous generator (VSG), and a hybrid harmonic suppression
method was proposed. However, since no PLL is employed in
the VSG, the adverse effects introduced by the PLL are not
considered. In grid-connected inverter systems, the negative
impedance introduced by the PLL couples the two harmonic
disturbance sources, thereby creating conflicting impedance
requirements for suppressing the harmonics contributed by
each source.

Conventionally, according to reference frame in which the
current and voltage signals are oriented, control schemes
for grid-connected inverters can be broadly classified into
synchronous dg-frame control and stationary a3-frame control
[3]. Regardless of control schemes, a PLL is required to
synchronize with the grid for grid-following operation [29].
Therefore, the adverse impedance effect introduced by the
PLL cannot be avoided independent of whether the controller
is implemented in the dg-frame or the «-frame. Neverthe-
less, when PLL dynamics are considered, the two dominant
harmonic disturbance sources can be naturally separated into
different axes in the dg-frame, which makes impedance in-
terpretation and decoupled controller design more straightfor-
ward. In fact, the coupling of the two harmonic disturbance
sources introduced by the PLL is reflected in the coupling
between the impedances of the d-axis and ¢-axis. To overcome
these limitations, a harmonic impedance model considering
the PLL is established, and an impedance-decoupling-based
current harmonics suppression method is presented in the dg-
frame. The contributions of this paper are summarized as
follows.

1) A harmonic impedance model incorporating PLL dy-
namics is established to characterize harmonic behav-
ior in grid-connected inverters, particularly in the low-
and medium-frequency range under weak-grid conditions.
Conventionally, only the impact of PLL on stability is
considered, while its effect on harmonic is ignored.

2) With the impedance-based analysis, the impact of the

Fig. 1. General configuration and control scheme of a three-phase three-level
T-type LC L-based inverter connected to grid.

PLL on two harmonic disturbances is revealed. Specif-
ically, the PLL provides a low-impedance path for har-
monics caused by NP voltage ripple, allowing these
harmonics to flow into the inverter instead of the grid,
while amplifying the current harmonics caused by back-
ground harmonics, which creating a conflict in impedance
requirements and making the harmonic suppression more
challenging.

3) An impedance reshaping method based on impedance
decoupling in the dg-frame is proposed to resolve the
conflicting impedance requirements introduced by the
PLL. Both the internal and external impedance of the in-
verter are adaptively reshaped by this method, effectively
mitigating current harmonics from multiple harmonic
disturbance sources.

The rest of this paper is organized as follows. The de-
scription of the inverter system and the harmonic impedance
modeling are presented in Section II. Section III gives the
requirements for virtual harmonic impedance the proposed
impedance reshaping method. Section IV shows the experi-
mental results. Finally, Section V concludes this paper.

II. SYSTEM DESCRIPTION AND HARMONIC IMPEDANCE
MODELING

A. System Configuration

Fig.1 shows the general configuration and control scheme
of a three-phase grid-connected T-type inverter using an LC'L
filter, where L, Ly and C are inverter-side inductors, grid-
side inductors and filter capacitors, respectively. L, is the
grid inductance, a pure inductor is considered to represent the
worst-case stability scenario.To mitigate the LC'L resonance
peak, an active damping coefficient k4 for filter capacitor
voltage feedback is introduced. upccane is PCC voltage, which
is sensed by the PLL to obtain synchronous phase information
and generate the grid current reference ig4.f. A proportional
integral (PI) controller G. is applied to achieve grid current
tracking. In addition, to reduce switching losses and improve
system efficiency, the discontinuous pulsewidth modulation
(DPWM) strategy is commonly adopted.

Cp and C,, are the upper and lower dc-side capacitors. O
is the NP of C), and C),. The NP voltage u,,, at this point is
defined as the voltage difference between the upper and lower
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capacitors. The ripple of u,,, will significantly distort the grid
current, which can be expressed as

_ [ Iy dwt
wc’dc

Upp = Up — Up, (D)
where u,, and u,, are the upper and lower capacitor voltages,
fnp is the average NP current, w is the angular frequency,
Cq.=Cp=C,, is the capacitance of the dc-side capacitor.

It is seen from (1) that the NP voltage is affected by the dc-
side capacitance. As the dc-side capacitance decreases, the NP
voltage ripple increases. For cost-saving considerations, the
dc-side capacitance is typically designed to be small, leading
to pronounced NP voltage ripple, especially when DPWM
strategy is employed.

B. Analysis of Harmonic Challenge

Considering both the NP voltage ripple and background
harmonics in the PCC voltage, taking phase A as an example,
the reference voltage can be expressed as

|mUyqe sin(wt)]
Udc
+ Z A, sin(nwt + 0,,).

n=>5,7,11,...

Urefa = MUqge sin(wt) + 2upy

2

where m is the modulation index, 6,, is the phase angle of the
nth harmonic, and A,, is the magnitude of the nth background
harmonics.

Based on (2) and the clamping characteristics of DPWM,
the NP voltage u,,, fluctuates at three times the fundamental
frequency. Therefore, the reference voltage can be rewritten
as

Urefa = MUqe sin(wt) + 2mk,,, sin(3wt) |sin(wt)|

+ Z Ay, sin(nwt + 0,,).
n=5,7,11,...

3)

where k,,;, is the peak value of the NP voltage ripple.
The disturbance term of the NP voltage ripple in (3) can be
expressed using Fourier expansion as

Urpefo, = MUy sin(wt)

Ly
n=>5,7,11,...
“)
where b,, is the Fourier coefficient.

It is seen from (4) that the harmonic components caused
by the large NP voltage ripple and background harmonics are
mainly concentrated in the low- and medium-frequency range,
such as the 5t 7t 11th 13th 17th 359 19*R harmonics.
These harmonics will seriously distort the grid current and
fail to meet the typical requirement of grid connection. Un-
fortunately, the impedance of the LC'L filter in this frequency
band is low, reducing its ability to suppress the harmonic com-
ponents caused by the large NP voltage ripple and background
harmonics.

[2mky,by, sin(nwt) + A, sin(nwt + 6,,)] .

Overall output impedance Zo,

ic:‘dq C) []ZD [] ZpiL C) icnandq : urr;Ccdq ugr;‘dq

Harmonic disturbance sources

Fig. 2. Equivalent harmonic-domain circuits of the small dc-side capacitance
grid-connected inverter.

C. Harmonic Impedance Modeling

In addition to the well-known impact on the system stability,
the PLL also plays a critical role in shaping the harmonic
characteristics of the grid-connected inverter. The dynamic
behavior of the PLL introduces a harmonic impedance com-
ponent, which alters the overall harmonic impedance of the
inverter, especially in the low- and medium-frequency range.
The modified impedance reduces the ability to reject harmon-
ics and may lead to the amplification of specific harmonics,
which degrades the quality of the grid current.

To simplify the analysis, the coupling between the d-axis
and g-axis is neglected since the decoupling control and the
unity power factor operation are adopted [29]. Based on Fig.
1 and the Norton model, the equivalent harmonic-domain
circuit of the grid-connected inverter with small capacitance
considering the PLL dynamics is shown in Fig. 2. The
equivalent harmonic impedance Z prj; introduced by PLL
dynamics is parallel to the inherent harmonic impedance of
the inverter Z,. The harmonic disturbance caused by NP
voltage ripple can be equivalent to a harmonic current source
igapaq- I addition to the current harmonics introduced by
NP voltage ripple, the PCC voltage usually contains abundant
low- and medium-frequency background harmonics, which
will also seriously distort the grid current and fail to meet
the requirements of grid connection. Therefore, there are two
harmonic disturbance sources in the system, and the resulting
harmonics are wideband distributed. According to Fig. 2, the
harmonic grid current %.,, and harmonic PCC voltage uy...4,
can be expressed as

. —1 . n
zgdq = (Zout + Zg) ZOUt (’Lgdq + chapdq) (5)
-1, n
- (ZOU«t + Z‘J) Ugdq
'U.chdq = 'U.:;qu + igdq . Zg (6)

where i,  is Norton equivalent ideal harmonic current
source of n'™ harmonics, Z,,; is the overall output harmonic
impedance of the inverter.

Based on the control scheme in Fig. 1, the simplified grid
current control block diagram considering the dynamics of
PLL is shown in Fig. 3 [26]. By equivalent transformation,
Ga1, G2 and the current loop gain T, is expressed as

1
Ga1 = [Z11 + ZofkaKynGa + Zog| Zey  (T)

Gus =Z11Z12 + Z12Zc tkaKpumGa + Zof Z7)

®)
Z11 + ZoskiKpwmGa + Zoy]
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Fig. 3. Grid current control influenced by PLL.

Ta = GchGal Ga2 (9)

where Z11 , Z1» and Zcy are the impedance of inverter-side
inductor, grid-side inductor and filter capacitor, respectively.
Zp =Z11+Z15, Kpym is the PWM gain, G4 represents the
control delay.

The transfer matrices G%;; and G'%;  related to the PLL
dynamics are expressed as [25]

; 0 0
[ = . 10
PLL [0 - ngHPLL:| (19)

0 0
v = . 11
PLL {0 Uz'm;dOHPLL:| b
where Uiy,pq0 and 140 are the steady-state value of the inverter
output voltage and grid current in the d-axis.
A.ccording to Fig. 3, the harmonic grid current ":;qu can be
obtain as

iy = L+ T TI gy — I+ Ta) " Gooul

pcedq

— I+ To)] ' [GopTo + G 1,1, GiGar Gaz] UWheca,
12

where I is a 2 x 2 identity matrix. According to the Norton

equivalent, the harmonic grid current in (12) can be written as

i =i (13)

-1
qu - [ZO || ZPLL] ugcdq

It is seen from (13) that after considering PLL, the the over-
all output harmonic impedance of the inverter Z,,; consists
of two parts: Z, and Z prr.. Accordingly, it can be expressed
as

ZO’U,
Zowt = Z, || ZprL = [ td (14)

0
0 Zoutq
where Z,,.q and Z,,, are the overall output harmonic
impedance of d-axis and g¢-axis. Substituting (10)-(13) into
(14), Zouta and Z,yq can be expressed as

14T,
Dowtd = Lo = 15
td Cor (15)
Zoutq = Zo ” ZPLL
- 147,
Ga2 + UinwaoHprrTo + IngHPLLGdGaIGa(216)

where Hpp is the transfer function of the PLL, which can
be obtained by the small-signal model of PLL dynamics [27].

It is clearly seen from (15) and (16) that after considering
the PLL, the output harmonic impedance of the d-axis remains
unaffected. The PLL dynamics affect only the output harmonic
impedance of the g-axis. In addition, it should be noted that
the above conclusion is valid under the assumption that the
coupling of the dg-axis is ignored and unity power factor
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Fig. 4. Bode diagram of the output harmonic impedance considering the PLL
effect.

TABLE 1
EXPERIMENTAL PARAMETERS.

Parameters Value

Grid voltage (Ug) 110 Vres
DC-side voltage (Ug.) 350V
DC-side capacitance (Cp and Chr) 220 pF
Inverter-side inductance (L1) 1 mH
Grid-side inductance (L2) 0.5 mH
Filter capacitance (C'y) 4.7 uF

Grid impedance (Lg) 2.5 mH, 8§ mH

Switching frequency (fsw) 5 kHz
Sampling frequency (fs) 10 kHz

PLL parameter (kppy; and kip) 6.1 2636.3

operation is adopted. If the dg-axis decoupling and unity power
factor operation are not adopted, the harmonic impedance
variation introduced by the PLL would be mixed with the
cross-coupling between the d- and g¢-axes, making it much
more difficult to clearly reveal the dominant mechanism that
the PLL mainly affects the g-axis harmonic impedance. Never-
theless, removing this assumptions cannot invalidate the main
PLL-induced mechanism revealed in this paper, but it only
makes the model more strongly coupled and the corresponding
analytical results less clear.

Fig. 4 shows the Bode diagram of Z, and Z,,:,, where
the parameters are listed in Table I. It is seen that the
introduction of PLL reduces the magnitude of the equivalent
output harmonic impedance in the low- and medium-frequency
band. Therefore, in the g-axis, the harmonics from the voltage
disturbance source w,.., are amplified due to the reduction of
the output harmonic impedance, while those from the current
disturbance source i, are attenuated since the majority of
the harmonic components flow into the inverter instead of the
grid. In the d-axis, since the output harmonic impedance is
not affected by the PLL and remains relatively high, its effect
on the two harmonic disturbance sources is opposite to that in
the g-axis.

To more clearly investigate the distinct effects of the two
harmonic disturbance sources on the d-axis and g-axis cur-
rent harmonic components, Fig. 5 shows the relationships
betweeni!;, i?apd, Zoutds igq, u_’;'q and Z,,4 according to (5)
and (6). As shown in Fig. 5(a), in the d-axis, igd is positively

g
correlated with i?apd and Z,,:q. With the increase of Z, .4,
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Fig. 5. Relationships of the grid current harmonics in the dg-axis. (a)

Relationship between 47, zgap q and Z,y4q in d-axis. (b) Relationship
between igq, ugq and Z(zmtq in g-axis.

a large portion of 7, ; is injected into the grid instead of the

inverter, leading to an increase in grid current harmonics. In
this case, there are two ways to reduce i;’d: decrease i?apd
or lower Z,,:q. In the g-axis, the PLL effect reduces the
equivalent impedance of the PCC to the inverter, so that most
of the harmonic disturbance introduced by i, , flows into
the inverter instead of the grid, accordingly, the harmonic
disturbance from NP voltage ripple can be neglected. As Z,44
decreases, the damping effect of the current loop impedance
on the background harmonics in wug, is weakened, resulting
in an increase of harmonics in grid current. Therefore, igq is
positively correlated with ug, but negatively correlated with
Zoutq as shown in Fig. 5(b). There are also two ways to reduce
igq: decrease ug or increase Zoytq. The disturbance sources
igqpq and ug, are determined by external factors of the system
cannot be easily adjusted. Therefore, to reduce the current
harmonic components, it is necessary to decrease Z,,:tq and
increase Z,y:q. Consequently, there exists a conflict in the dg-
axis at the two harmonic disturbance sources.

Fortunately, this conflict can be resolved through the
impedance decoupling in the dg-frame. Since the PLL only
affects the g-axis, the dominant harmonic disturbances orig-
inate from 4f, , in the d-axis and from wp,., in the g-axis.
To effectively mitigate the harmonic from the two disturbance
sources, different virtual impedances need to be introduced on
the d-axis and g-axis, which ensures more precise control over

the harmonic sources originating from i, and ...

Overall output impedance Zq in

Low impedance
circuit for i’

iL® []zo z,

Fig. 6.
d-axis.

Equivalent harmonic impedance circuit of the proposed method in

III. PROPOSED IMPEDANCE-BASED GRID CURRENT
HARMONIC SUPPRESSION SCHEME

A. Impedance Decoupling in the dq-Frame

Since variations in the inverter output harmonic impedance
impose opposite effects on the harmonics originating from the
two disturbance sources, their impedance requirements are in-
herently coupled. Consequently, harmonic suppression cannot
be effectively achieved by merely adjusting the overall inverter
output impedance. To address this limitation, an impedance
decoupling approach in the dg-frame is proposed, in which the
harmonic impedances in the d- and g-axis are independently
designed to decouple their requirements and suppress different
harmonic disturbance sources.

In the d-axis, the relative high output harmonic impedance
provides strong damping of the harmonics in the PCC voltage.
Therefore, the harmonic disturbance source wy,. ., is negligible
as shown in Fig. 6. For the harmonic disturbance source i, 4,
the harmonic current can either flow into the inverter side with
an impedance of Z,,;4 or into the grid side with an impedance
of Z4. To suppress the harmonic components flowing into the
grid side, the impedance of the alternative harmonic current
path, i.e., the inverter impedance Z,,:4, needs to be reduced.
Therefore, a virtual impedance Z, is introduced in parallel
with the inverter output impedance, forming a parallel virtual
impedance branch as shown in Fig. 6. This branch is designed
to exhibit much lower impedance at harmonic frequencies
compared to both the inverter output impedance and the grid
impedance, thereby guiding most of the harmonic current into
this low-impedance path instead of the grid. Then, the grid
current harmonic component in the d-axis is derived as

Z.Zd _ Zoutdfp
Zoutd—p +Z g
where Z,ytq—p 18 the overall inverter output impedance in d-
axis after introducing Z,,, which is expressed as

(ing + itapa) (17)

Zoutd—p = Zo ” Zp (18)

In the g¢-axis, the equivalent harmonic impedance Zpyr,
introduced by the PLL is paralleled with the inherent output
harmonic impedance Z,, resulting in a decreased magnitude of
the overall inverter output impedance. Therefore, most of the
harmonics from ig,,, flows into the inverter and the dominate
harmonic disturbance source is the u;,., as shown in Fig. 7. It
is seen that the introduction of the PLL significantly reduces
the impedance of the background harmonic loop, amplifying

the grid current harmonics, which is one of the main reasons
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Equivalent harmonic impedance circuit of the proposed method in

for the enhancement of harmonic coupling. To address this
issue, a virtual impedance Z; is incorporated in series with
the overall output harmonic impedance Z,,;, in the grid-side
branch to increase the impedance magnitude at background
harmonic frequencies and fulfill the impedance requirements
for an effective harmonic suppression as shown in Fig. 6.
Based on Fig. 7, the harmonic grid current can be expressed
as

Zo || ZprL . 1

-n Z'n, _ un
- 0 ce
9a Zoutqfs + Zg 4 Zoutqfs peeq
where Z,,q4—s 1S the overall inverter output impedance in g-
axis after introducing Zg, which is expressed as

19)

oll ZpLL + Zs (20)

Zoutq—s =

In addition to harmonic issues in the g-axis, the introduction
of PLL shapes the inverter output impedance into a negative re-
sistance as shown in Fig. 4, which is responsible for instability.
Therefore, the design of Z, should comprehensively account
for both harmonic suppression and stability improvement.

B. Proposed Wideband Harmonic Suppression Method

According to Figs. 6 and 7, the impedance-based harmonic
suppression control block diagram in the dg-frame is shown
in Fig. 8. As indicated by the dashed line in Fig. 8, the series
and parallel virtual impedances are introduced into the system.
The introduction of Z,, in the PCC voltage feedforward loop
is equivalent to a parallel virtual impedance, which is used
to suppress the current harmonics in the d-axis caused by the
NP voltage ripple. Meanwhile, the introduction of Z in the
grid current feedback loop acts as a series virtual impedance,
which serves to attenuate the current harmonics in the g-axis
resulting from the background harmonics. The closed-loop
transfer function of the system can be expressed in the Norton
equivalent form as follows

. 1
ngq = qu I’?equ - qu u;)Lccdq (21)

where G 4 is the coefficient of the Norton equivalent current
source, Z 44 is the equivalent harmonic impedance, which can
be expressed as

Gaq =| Zy(Z11Z12 + Zo4(GeGaKpum
+Zi1+ Z12) + Z(Z11Zcy)

-1
+(Zi+ Zop)(Zia+ Zy) | GeGuKpunZos 2y
22)

6
—1
Zyq :{ZleCf +(Z11+ Zcy)(Zra + Zp)]
|:Zp(ZL1ZL2 + ZCf(Gchprm + ZLl + ZLQ))
+Z(Zi1Zoy+ (Zii+ Zey)(Zio+ Zp))}
(23)

where Z,, and Z, is the second-order matrix of Z,, and Z;,
which are expressed as

|4, 0 10 0
= o 2=l 2
To simplify the implementation, an equivalent transforma-
tion is applied to the series and parallel virtual impedances.
Following the transformation, the series virtual impedance
is embedded in the grid-current feedback loop with a gain
of H, while the parallel virtual impedance is incorporated
into the PCC voltage feedforward loop with a gain of H .
Based on Fig. 8, after the equivalent transformation, the system
remains in the Norton equivalent form as shown in (21), where
the coefficient of the Norton equivalent current source and
equivalent impedance are expressed as

(24)

Gegdqg = { I+ H,)G.GiKpwmZcs+ Zcf(Ziy + Z12)

-1
+ ZMZLQ] G.GiKpmZc
(25)
Zeada :(ZL1 + Zoy + HyGoKpunZc f) [(I +H,)

G.GiKynZcs+ Zog(Zin+ Zi2) + Z11Z12

(26)
To achieve the same effect before and after equivalent
transformation, the coefficient of the Norton equivalent current
source and equivalent impedance in (22) and (23) should be
equal to their corresponding counterparts in (25) and (26),

which are expressed as
{qu = Geqaq 27)

Ziq = Zeqdq
By solving (27), the feedforward gain of the PCC voltage
H,, and feedback gain of the grid current H, are expressed
as

-1
H, = | GiKpnZorZ, | [Zmzcﬁsz(Zmz(;f)l
(28
-1
H, =| G.GiKpnZc;Z, |

(2. (20 + Zeg)(Zis + 2,) + ZiaZey) |

For the parallel virtual impedance Z,,, the design objective
is to minimize its magnitude at harmonic frequencies to reduce
the impedance of the harmonic disturbance source i, loop.
While at other frequencies, the magnitude of Z,, should remain
sufficiently high to enhance the damping characteristics of
the grid current loop against low- and medium- frequency
harmonics. Thus, Z, can be implemented as a notch filter

with a proportional gain K,,,, which is expressed as

(29)

7 K s? +w?
PP e 4 s, /Q + W2

(30)
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where () is the quality factor, w,; is the central angular
frequency of the notch filter. Since the harmonics components ~ Fig. 10. Overall control block diagram of the proposed method.
in 4, , caused by the NP voltage ripple are mainly the 5th
and 7" harmonics, which are characterized as 6" harmonic th th onal link. which i d
in the dg-frame. Therefore, w,; is selected as 6 times the with the proportional link, which 1s expressed as
fundamental angular frequency. VK. W S
™ cn
Zo=Kps+ Y (31)

After introducing the parallel virtual impedance Z,, the
magnitude-frequency response curve of the overall output
harmonic impedance in the d-axis is shown in Fig. 9. With the
integration of the parallel virtual impedance Z,,, the harmonic
impedance of Z,,;q—, is effectively restricted and remains
lower than the grid impedance Z, at the targeted harmonic
frequencies. Consequently, the harmonic components in i,
predominantly flow into the inverter, minimizing their injection
into the grid. Moreover, due to the presence of the proportional
gain K,, Z,utq—p exhibits minimal attenuation at other
harmonic frequencies compared to Z,,:q4, Which retains the
harmonic rejection performance of the grid current loop.

The design objective of the series virtual impedance Z; is
to maximize the magnitude at the frequencies of background
harmonics in wy,..,, thus enhancing the harmonic damping
effect at these frequencies. Therefore, a multi-resonant con-
troller is introduced in Z;. In addition, system instability issue
should also be addressed in the g-axis due to the negative
resistance characteristics introduced by the PLL. Fortunately,
the instability can be successfully mitigated by adopting a
virtual series-based positive resistance [30]. Considering both
harmonic suppression and system stability, the series virtual
impedance Z; can be designed as a multi-resonant controller

n=6,12,18 5% + 2wens + (nwo)?
where K, is the gain of resonant controller, wg is the
fundamental angular frequency of the resonant controller, w,,
is the bandwidth factor. K, is the proportional link, which is
equivalent to a virtual positive resistance in Z.

After the parallel virtual impedance Z, and the series
virtual impedance Z, are determined, the overall control block
diagram of the proposed method is shown in Fig. 10, which
includes the PLL, the capacitor voltage feedback loop, the
dq-frame current control loop and the two virtual impedance
branches. Specifically, the parallel virtual impedance Z, is
designed in the d-axis and introduced through the PCC voltage
feedforward path to suppress the current harmonics caused by
the NP voltage ripple, while the series virtual impedance Z; is
designed in the g-axis and introduced through the grid current
feedback path to attenuate the current harmonics induced by
background harmonics in the PCC voltage and simultaneously
improve weak grid stability.

Fig. 11 shows the Bode diagram of the overall out-
put harmonic impedance in the g-axis. By increasing the
impedance magnitude of Z,,;, at the major harmonic frequen-
cies through the series virtual impedance Z,, the adverse ef-
fects of impedance magnitude reduction caused by the PLL is
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Fig. 11. Bode diagram of the series virtual impedance included in Fig. 7.

mitigated. Therefore, the background harmonics can be effec-
tively suppressed, achieving wideband harmonic suppression.
Furthermore, since the proportional link in (31) is equivalent
to a series virtual positive resistance, the phase characteristics
in the low- and medium- frequency range are significantly
improved, the negative resistance effect introduced by the
PLL is eliminated. Therefore, based on the Nyquist stability
criterion, incorporating Z, leads to a substantial enhancement
of the system stability margin as illustrated in Fig. 11.

To further demonstrate how 7, mitigates the negative
resistance effect introduced by the PLL, Fig. 12 presents
the Nyquist plots of the impedance ratio Z,/Z,,:, and
Zol(Zourq+Zs) with different grid strengths. It is seen from
Fig. 12(a) that when SCR < 3, the root loci encircle the
point (-1, jO) and the system becomes unstable. Neverthe-
less, after introducing Zg, none of the root loci encircle the
point (-1, jO) as shown in Fig. 12(b), which indicates that
the proposed method exhibits strong robustness against grid
impedance variation. Even when the grid impedance increases
and the grid becomes weaker, the introduction of Z; can
still effectively suppress the PLL-induced negative resistance
effect and maintain stable operation over a wide range of grid
strengths.

C. Design of the Virtual Impedance Z,, and Z

The parallel virtual impedance Z, is used to divert the
grid current harmonic components caused by the NP voltage
ripple into the inverter instead of the grid. To ensure sufficient
robustness of 7, its design should consider the impact of
grid frequency fluctuations. It is mentioned in [31] that the
allowable fluctuation range of the grid frequency is +0.5 Hz.
Thus, the frequency fluctuation range at the 6 harmonic is
+3 Hz and the control bandwidth is 6 Hz. In the notch filter,
the relationship between the quality factor () and the control
bandwidth B can be expressed as [3]

Q_\/wgl"_wrl\/‘*’%"‘BQ

2B?

(32)
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Fig. 12. Nyquist plots of impedance ratio with different grid strengths. (a)
Zgl Zoutq. (b) Zgl(Zoutq+Zs).

Therefore, the quality factor () can be determined according
to (32). After introducing the parallel virtual impedance Z,,
the magnitude of the inverter output impedance in the d-axis
decreases at high frequencies, which weakens the attenua-
tion of high-frequency harmonic components. Therefore, the
purpose of introducing the proportional gain K, in Z, is
to keep the magnitude of Z,, sufficiently high and increase
the overall inverter output impedance, thereby enhancing the
damping characteristics of the grid current loop against high-
frequency harmonics. In this paper, the design ensures that
at the switching frequency fs,, the reduction of the overall
inverter output impedance in the d-axis after introducing Z,
is kept within 10%, which can be expressed as

Zoutd(j277fsw) || Zp(j27rfsw)
Zoutd (j27rfsw)

Thus, (33) can be the condition for determining the value
of Kpp,.

The series virtual impedance Z; is used to suppress grid
current harmonics induced by background harmonics in the
grid voltage and to enhance stability under weak grid condi-
tions. In (31), w,, is the bandwidth coefficient of the resonant
controller at each resonant frequency, which can also be
selected according to the grid-frequency fluctuation standard
of 0.5 Hz.

Since the proportional link K, is mainly used to enhance
system stability, its effect can be neglected when designing the
resonance gain K,.,,. In this case, the series virtual impedance
can be expressed as

< 10%

(33)

2K nWens

7 =
res §2 4+ 2wen s + (nwp)?

(34)

D

n=6,12,18
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To suppress the current harmonics introduced by the back-
ground harmonics, the magnitude of the overall inverter output
impedance in the g-axis should not be overly small. Therefore,
the minimum magnitude of the output impedance at each
harmonic frequency should satisfy [32]

U,U,
1,1,

|Zoutq (J27rfn) + Zs,res (]27rfn)| > (35)

where f, is the harmonic frequency, U, and I, are the
root mean square (RMS) of the grid voltage and current,
respectively. U,, and I,, are the distorted restriction ratio of the
grid voltage and current, respectively. Therefore, according to
(35), the allowable range of the resonance gain K., can be
determined.

The proportional link K, is equivalent to the virtual
positive resistance in Z,, which is used to compensate for
the negative resistance introduced by the PLL. To increase
the stability margin, the inverter output impedance magni-
tude at intersection frequency fs.., where the inverter output
impedance intersects the grid impedance, should be greater
than that without K. In addition, to ensure system stability
in the worst case, e.g., SCR=1.5, a large phase margin should
be retained in practical applications [30], accordingly

|Zoutq (j277fsec) + Kps| 2 |Zoutq (jZﬂ-fsec” (36)

4(Zoutq (j27rfsec) + Kps) Z _(90 - a)o (37)
where « is the desired phase margin.

In addition to the stability margin requirement, the design
of K should also satisfy the steady-state error requirement.
Excessive K, will increase the grid current steady error
compared with that without K. Defining the steady-error
of the grid current introduced by K, as follows [30]

ig(Jwo) — ig(jwo)
ig(jwo)

E; =

_ ‘ Kps
B Zout (ij) + Z (jWO) + K s
q g (gg

where i; and i, are the grid current with and without the series
virtual impedance, respectively. Therefore, the value of K,
can be determined according to (36)-(38).

According to the above design process of Z, and Z,,
their design is primarily determined by the targeted harmonic
frequencies and the required impedance shaping characteris-
tics. Therefore, parameter variations of the LC'L filter do not
change the design objective or the fundamental mechanism
of the proposed virtual impedances. However, variations in
Ly, Ly and C; may affect the practical implementation of
Z, and Z, through the transfer functions H, and H, defined
in (28) and (29). In other words, parameter mismatch may
modify the quantitative impedance-reshaping result, such as
the effective gain or phase characteristics realized by the
virtual impedances. Nevertheless, such mismatch does not
alter the fundamental mechanism of the proposed method
or significantly weaken its harmonic suppression capability,
indicating that the proposed method remains sufficiently robust
against the parameter variations.

DC Source

Fig. 13. Prototype of the small capacitance value grid-connected inverter.

IV. EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed method, a three-
phase T-type inverter prototype with LCL filter has been
constructed as shown in Fig. 13. The experimental parameters
are listed in Table I. The dc-side capacitance is set to 220 uF
to simulate the small capacitance value condition.

In the experiments, four methods are compared, which
are summarized in Table II. Method-I is without harmonic
suppression strategy (i.e., the conventional dual-loop current
control with PI controller in the dg-frame) as shown in Fig.
14(a). Method-II uses the multi-resonant controller in the a3-
frame within the current control loop [19], [20] as shown in
Fig. 14(b). Specifically, a proportional-resonant (PR) controller
Gpr is adopted to track the fundamental component of the
current reference, ensuring proper synchronization with the
grid. Additionally, a multi-resonant controller G ;i are intro-
duced at specific harmonic frequencies such as 5, 7¢%, 11th,
13th, 17" and 19*" to effectively suppress the harmonics in
the grid current. Method-III uses a multi-resonant component-
based grid-voltage full-weighed feedforward scheme [13],
which introduces a series of quasi-resonant component Gsr
into the grid voltage full feedforward path so that only the
background harmonics in the grid voltage are fed forward
as shown in Fig. 14(c), where the full-weighted feedforward
function G'y; can be obtained through an equivalent trans-
formation. Method-IV is the proposed impedance-decoupling-
based reshaping method.

According to the control block diagrams of the four methods
in Fig. 8 and Fig. 14, their complexities are also different.
Method-I has the simplest structure, since no additional har-
monic suppression branch is added beyond the baseline current
control loop. Method-II and Method-III exhibit relatively high
complexity, because multiple resonant branches are introduced
at several harmonic frequencies in both the - and S-axes or in
both the d- and g-axes. By comparison, the proposed method
introduces resonant branches at selected frequencies in the
d- and g-axes, enabling more targeted harmonic suppression.
As a result, the number of resonant branches required by
the proposed method is smaller than that in Method-II and
Method-III.

Fig. 15 shows the measured waveforms of the PCC voltage
and grid current under normal grid conditions. It is seen
that without background harmonic disturbances in the grid
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Fig. 14. Control block diagrams of the compared method. (a) Method-I. (b)
Method-II. (¢) Method-III.

TABLE I
DESCRIPTION OF THE FOUR COMPARED METHODS.

Method Technique
Method-I Without harmonic suppression strategy
Method-II Multiresonant controller [19], [20]
Method-IIT ~ Weighted grid voltage feedforward method [13]
Method-IV ~ Impedance-decoupling-based reshaping method
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Fig. 15. Experimental waveforms of the PCC voltage and grid current under
normal grid condition. (a) Method-I. (b) Method-IV.

voltage, distortions still exist in the grid current due to the
low-frequency harmonics introduced by the NP voltage ripple
as shown in Fig. 15(a). After applying the proposed impedance
reshaping strategy, the distortions in the grid current are elimi-
nated as shown in Fig. 15(b), which indicates that the proposed
method can effectively suppress the harmonic disturbances
introduced by NP voltage ripple.

To demonstrate the adaptability of the proposed method
under weak-grid conditions, Fig. 16 presents the experi-
mental waveforms with four methods in weak grids. The
grid impedance is selected as 2.5 mH, corresponding to
short-circuit ratio (SCR) of 10. With the relatively low grid
impedance, all methods can ensure stable operation. As seen
in Fig. 16(a) and Fig. 16(c), due to the lack of capability to
suppress harmonic disturbance introduced by the NP voltage

ripple, the grid currents of Method-I and Method-III exhibit
distortions. Method-II provides resonance gain at harmonic
frequencies, enabling suppression of low-frequency harmonics
in the grid current as shown in Fig. 16(b). After adopting the
proposed Method-1V, the harmonics in the grid current can
also be effectively suppressed since the output impedance of
d-axis is reshaped and the harmonics introduced by the NP
voltage ripple flow into the inverter instead of the grid.

When the grid impedance is increased to 8 mH, corre-
sponding to SCR of 3, the experimental waveforms of the
four methods are shown in Fig. 17. Consistent with the
experimental results in Fig. 16, Method-I and Method-III fail
to eliminate distortions in the grid-connected current, whereas
Method-II and Method-IV can effectively suppress them and
maintain a nearly sinusoidal waveform. In addition, Method-
I and Method-II provide no mitigation of the negative phase
shift introduced by the PLL. Therefore, with the increase of
grid impedance, the the system stability margin significantly
decreases, leading to oscillations as shown in Fig. 17(a)
and Fig. 17(b). In particular the introduction of the resonant
controller further reduces the phase margin due to the resonant
gain, exacerbating system oscillations.

To validate the effectiveness of the proposed method against
multiple harmonic disturbance sources, Fig. 18 presents the
experimental waveforms with four methods in the weak and
seriously distorted grid with the grid impedance of 2.5 mH,
where 7% 5, 5% 7th, 3% 11" and 13" harmonics are added
to the grid. Without any suppression measures, the distortion
of the grid current is further aggravated as shown in Fig. 18(a).
After applying Method-III in 18(c), the distortion in the grid
current is alleviated to some extent, but a large amount of low-
frequency harmonics still remain. This is because the virtual
impedance method based on PCC voltage feedforward can
only suppress harmonic disturbance in the PCC voltage, while
it is ineffective against the harmonic disturbance introduced by
NP voltage ripple. The application of Method-II and Method-
IV leads to a significant reduction of the distortion of the grid
current as shown in Fig. 18(b) and Fig. 18(d). Nevertheless,
with Method-II, the grid current still contains a small portion
of low-frequency harmonics.

Fig. 19 presents the experimental waveforms with four
strategies in seriously weak and distorted grid with the grid
impedance of 8 mH. It is seen that the performance of the four
methods in harmonic suppression is consistent with the experi-
mental results in Fig. 18. However, with the weakening of grid
strength, Method-I and Method-II become unstable, resulting
in severe oscillations in the experimental waveforms. There-
fore, among the four methods, only the proposed Method-IV
is capable of ensuring stable operation under seriously weak
and distorted grid conditions while simultaneously achieving
wideband harmonic suppression.

To more clearly illustrate the harmonic suppression ability
of the proposed method, Table III summaries the THD results
of four methods under conditions of different grid impedance
with distorted grids. As can be seen, the proposed Method-IV
consistently achieves the lowest THD among all compared
methods under both grid-impedance cases. When the grid
impedance increases, the THD of Method-I and Method-II
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Fig. 16. Experimental waveforms of the PCC voltage and grid current under weak grid condition with L 4=2.5 mH. (a) Method-I. (b) Method-II. (c) Method-III.
(d) Method-IV.
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Fig. 17. Experimental waveforms of the PCC voltage and grid current under weak grid condition with L;=8 mH. (a) Method-I. (b) Method-II. (c) Method-III.
(d) Method-IV.
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Fig. 18. Experimental waveforms of the PCC voltage and grid current under weak and seriously distorted grid condition with L;=2.5 mH. (a) Method-I. (b)
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Fig. 19. Experimental waveforms of the PCC voltage and grid current under weak and seriously distorted grid condition with Ly;=8 mH. (a) Method-I. (b)
Method-II. (¢) Method-III. (d) Method-IV.

rises noticeably, indicating degraded system stability. In con- TABLE III

trast, the THD obtained by Method-III and Method-IV changes THE THD OF VARIOUS METHODS UNDER DIFFERENT CONDITIONS.
only Shgh,tly’ df?m9n8tratlng that, b,Oth methods are hlghly Condition Method-I  Method-IIT  Method-III  Method-IV
robust against grid impedance variations. However, due to the L,=25mH  9.48% 587% 633% 312%
limited harmonic suppression capability, the THD achieved by Lg=8 mH  12.36% 9.72% 6.80% 3.46%

Method-III remains noticeably higher than that of Method-IV.
Fig. 20 shows the grid current FFT diagrams of Method-III
and the proposed Method-IV under distorted grid conditions
with the grid impedance of 8 mH. It is seen from Fig. 20(a)
that Method-III still exhibits a large presence of low-frequency
harmonics, especially the 5" and 7" harmonics since it is

powerless to suppress the harmonics introduced by NP voltage
ripple. After adopting the proposed Method-IV, the 5" and
7% harmonics are significantly reduced, which indicates that
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Fig. 20. Measured FFT diagrams of the grid current under weak and seriously
distorted grid condition with Ly=8 mH. (a) Method-III. (b) Method-IV.
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Fig. 21. Experimental waveforms under extremely weak and distorted grid
conditions with Lg=15 mH. (a) Method-III. (b) Method-IV.

effective harmonic suppression is achieved across the entire
low- and medium-frequency range.

To further validate the adaptability of the proposed method
to extremely weak grid conditions, additional experiments with
the grid impedance of 15 mH, corresponding to SCR of 1.5,
are also carried out as shown in Fig. 21. It can be observed that
under this extremely weak grid condition, Method-III becomes
unstable, whereas the proposed Method-IV still remains stable,
which demonstrates that the proposed impedance-decoupling-
based reshaping method achieves the largest stability margin
among the compared methods. In other words, the experimen-
tally verified stable operating range of the proposed method is
extended from SCR=3 down to SCR=1.5, whereas Method-III
can no longer ensure stable operation at SCR=1.5. By contrast,
according to Fig. 17 and Fig. 19, Method-I and Method-II
becomes unstable at SCR=3. Therefore, among the compared
methods, Method-I and Method-II exhibit the smallest stable
operating range, Method-III can further extend the stability
range to some extent, while the proposed Method-IV achieves
the widest stable operating range. This further confirms the
clear advantage of the proposed method in enhancing system
stability under weak grid conditions.

In addition to the above steady-state tests, further exper-
iments are carried out under non-ideal operating conditions
to evaluate the robustness of the proposed method. Fig.
22(a) presents the results under a non-unity power factor
condition, where reactive power is injected while keeping
the active current reference unchanged. It can be observed
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Fig. 22. Experimental waveforms of Method-IV under non-ideal operating
conditions in a weak and seriously distorted grid with L,=8 mH. (a) Reactive
current injection with I £=10 A. (b) Injection of 3% 9*" and 15*® harmonic
components.
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Fig. 23. Experimental waveforms of Method-IV under weak and seriously
distorted grid conditions with Ly=8 mH and phase-shifted 5* and 7th
background harmonics. (a) —30° phase shift. (b) +30° phase shift.

that the proposed method remains effective in maintaining a
nearly sinusoidal grid current waveform and stable operation,
indicating that the impedance decoupling based reshaping
strategy is still applicable when reactive power is involved. Fig.
22(b) shows the experimental results when intermediate-order
background harmonics (e.g., the 9" and 157) are additionally
injected into the PCC voltage. The grid current distortion is
still effectively suppressed, demonstrating that the proposed
method can also mitigate intermediate-frequency harmonic
disturbances beyond the low-order harmonics, and thus offers
robust harmonic suppression performance under distorted grid
conditions.

Fig. 23 presents the experimental results under weak and
seriously distorted grid condition when the phase of the 5
and 7" harmonics is shifted by 430°. It is seen that despite
the phase variations of the 5" and 7*" components in the
background harmonics, the proposed method still achieves
high suppression efficiency at the targeted harmonic frequen-
cies, as the virtual impedance Z, and Z, maintain effective
impedance shaping at these frequencies and thus suppress the
corresponding grid current harmonics.

Fig. 24 presents the experimental results with the PLL
bandwidth varied by +50%. As can be seen, when the PLL
bandwidth is increased by 50%, which significantly reduces
the stability margin and makes the system more prone to
oscillations, the proposed method still maintains stable op-
eration. The grid current remains well controlled, with the
low- and medium-frequency harmonics effectively suppressed.
Therefore, the proposed controller exhibits strong robustness
against PLL bandwidth variation, maintaining stable operation
even when the PLL bandwidth varies by £50%.

Fig. 25 presents the experimental results under grid fre-
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Fig. 24. Experimental waveforms of Method-IV under weak and seriously
distorted grid condition with L4=8 mH when the PLL bandwidth is increased
by 50%.
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Fig. 25. Experimental waveforms of the proposed method under weak and
distorted grid conditions with L4=8 mH. (a) fo=49.5 Hz. (b) fp=50.5 Hz.
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Fig. 26. Dynamic experimental waveforms under weak and seriously distorted
grid condition with L4=8 mH when changing from Method-I to Method-IV.

quency deviations of +0.5 Hz. As can be observed, although
the frequency offset shifts the actual locations of the targeted
harmonic components, the proposed method still maintains
the expected suppression performance and stable operation in
both cases, since the designs of both Z), and Z, already take
the allowable grid-frequency fluctuation range into account,
rather than being centered on only one exact frequency.
Therefore, the proposed method is not overly sensitive to grid
frequency deviation, and its fundamental harmonic suppression
and stability enhancement mechanism remains effective.

To verify the dynamic performance of the proposed method,
Fig. 26 shows dynamic experimental waveforms with seriously
weak and distorted grid when switching from Method-I to the
proposed Method-IV, where the system stability is significantly
improved and the grid current distortion is effectively elimi-
nated. Fig. 27 presents the currents transient response. When
the reference current steps from 10 A to 20 A, the system
remains stable and the current is tracked quickly, which means
that the bandwidth of the PLL is wide enough while ensuring
system stability and harmonic suppression.
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Fig. 27. Dynamic experimental waveforms of Method-IV under weak and
seriously distorted grid condition with L4=8 mH when the reference current
is stepped from 10 A to 20 A.

Despite these advantages in harmonic suppression and sta-
bility improvement, a limitation of the proposed strategy is that
different virtual impedances need to be designed for the d-axis
and g¢-axis, which introduces additional computational burden
compared with the conventional dual-loop current control with
PI controller in the dg-frame, i.g., Method-I. The separate
impedance designs in both axes require more arithmetic
operations and state updates per sampling period in real-
time control. Fortunately, with the continuous advancement
of Digital Signal Processor (DSP) performance, this added
computational burden is being gradually alleviated, making the
proposed strategy practical without noticeably compromising
performance.

V. CONCLUSION

In this paper, an impedance reshaping method based on
impedance decoupling in the dg-frame for mitigating the
current harmonics from multiple harmonic disturbance sources
is presented. By incorporating the effect of the PLL into the
harmonic impedance model, it is revealed that the PLL reduces
the g-axis impedance, which aggravates harmonics caused by
background harmonic disturbances in the PCC voltage, while
providing a low-impedance path for harmonics introduced by
NP voltage ripple. To address this issue, parallel and series
virtual impedances are designed in the dg-frame to reshape the
internal and external impedance of the inverter. Compared with
existing harmonic suppression methods, the proposed method
incorporates the adverse impact of the PLL on harmonics
and realizes harmonic suppression while maintaining stability
under weak grid conditions. Experimental results comparing
different harmonic suppression methods under weak and dis-
torted grid conditions verify the effectiveness of the proposed
method.
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