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Abstract—The weak grid and high phase-locked loop (PLL)
bandwidth can easily cause instability issues in the grid-connected
Inverter (GCI) system. The present methods mainly enhance sys-
tem stability by increasing the magnitude and phase of the GCI
output impedance, but it cannot completely eliminate the “negative
impedance” behavior of the GCI. It means that there is still a
risk of instability in the system. Therefore, this article aims to
propose a more general stability analysis method, revealing the
instability conditions under negative impedance and providing a
new insight for stability analysis and control strategy design. First,
this article considers the broadband oscillation characteristics ex-
hibited during GCI instability and proposes a new stability analysis
method. This method indicates that the system instability is caused
by the interaction between fundamental voltage and nonfunda-
mental voltage. This interaction can exacerbate the oscillation of
system voltage, ultimately leading to instability issues. This method
provides a clear physical explanation for the mechanism of system
instability. Second, a new impedance-based stability discrimination
method is obtained, determining the conditions for GCI instability.
This method can provide a clearer explanation of the present insta-
bility phenomena. Then, a compensation method based on q-axis
voltage is proposed. This method achieves complete decoupling
between the GCI impedance and voltage, effectively eliminating
the instability region. Compared with existing methods, the method
proposed can better ensure the stability of GCI under weak grid
and high PLL bandwidth. Finally, the effectiveness of the proposed
methods is verified through simulations and experiments.

Index Terms—Compensation-based control, grid-connected
inverter (GCI), instability conditions, stability analysis, stability
enhancement.

I. INTRODUCTION

W ITH the increasing demand for electricity and growing
environmental pressures, renewable energy sources are
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being integrated into the grid through power electronics con-
verters [1]. Among them, the grid-connected inverters (GCIs)
have been widely applied due to their simple control structure
and efficient power output [2]. However, due to the large line
impedance [3] and the need for high transmission power [4],
the system exhibits weak grid characteristics [5]. The GCIs are
prone to instability issues. Therefore, it is of great significance
to study the stability of the GCIs under weak grid and propose
corresponding methods for enhancing stability.

The impedance-based approaches are the important method
for analyzing the stability of GCI system [6]. The authors in [7]
suggested that the phase-locked loop (PLL) can introduce a
positive feedback loop into the system, leading to negative
impedance behavior and potential instability. In addition, [7]
noted that a larger PLL bandwidth results in a broader frequency
range of negative impedance, making the system more prone to
instability. The authors in [8] proposed that weaker grid condi-
tions (that is, the higher line impedance and greater transmission
power) make GCI more susceptible to instability. However,
the conclusions drawn require point-by-point evaluations of the
system stability, leading to numerical conclusions. The authors
in [9] analyzed the causes of common instability phenomena
by plotting multiple Nyquist curves. This method is challenging
for assessing all situations individually and obtaining universal
conclusions. Meanwhile, this method attributes instability to the
Nyquist curve to encircle (−1, j0) or the magnitude-frequency
curve to intersect in the negative impedance frequency region.
But it is difficult to explain why weaker grid conditions and larger
PLL bandwidth make it more likely for this phenomenon to oc-
cur. The authors in [10] also pointed out that existing impedance
methods fail to connect the instability issue with the physical
properties of actual power systems. Therefore, it is essential
to propose a more general stability analysis method to identify
overarching patterns and provide clear physical explanations for
existing instability phenomena.

Furthermore, in order to enhance the stability of GCIs in weak
grid, design-oriented methods have been proposed [11], [12],
[13], [14]. The authors in [11] and [12] presented a simple and
effective stability enhancement method by reducing the PLL
bandwidth. However, a slower PLL response negatively impacts
the dynamic performance of the PLL, which is detrimental
to high-performance current control and the fault ride-through
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capability of GCIs [13]. The authors in [13] and [14] provided
guidelines for selecting the controller parameters for both the
PLL and current controller. However, the parameter design
process for them must be considered simultaneously, indicating a
strong coupling between PLL and current controller parameters.
This coupling increases the complexity of the system design.

Compared with design-oriented methods, the methods based
on modifying control structure have been extensively re-
searched [15], [16], [17], [18], [19]. This method is divided into
two categories: One is based on modifying the PLL structure, and
the other is the current loop compensation control. The authors
in [15] proposed a decoupling strategy between the PLL and grid
impedance, making the PLL bandwidth independent of system
stability and avoiding instability caused by the PLL. However,
this technique relies on online grid impedance measurements,
which reduces its reliability. The authors in [16] introduced a
PLL based on a constant coupling effect, but the coupling term
is related to the output voltage/current, and variations in volt-
age/current affect the degree of coupling. At the same time, the
design process of these methods is complex and the relevant pa-
rameters are difficult to obtain. On the other hand, compensation-
based control methods aim to eliminate the coupling between
the impedance and the PLL, improving the GCI impedance
phase and magnitude while reducing the negative impedance
region. The authors in [17] proposed introducing a q-axis voltage
compensation term on the q-axis. The authors in [18] suggested
introducing a d-axis voltage compensation term on the d-axis and
a q-axis voltage compensation term on the q-axis, respectively.
The authors in [19] proposed introducing q-axis voltage com-
pensation terms on both the d-axis and q-axis. However, based on
the simulation results from the above references, these methods
cannot completely eliminate the negative impedance. According
to the existing stability analysis results, this implies that the
compensated GCI still carries the risk of instability. Therefore,
it is necessary to clarify the instability conditions of the GCI
under negative impedance, and further propose corresponding
stability enhancement strategies to improve the stability of GCI
under weak grid and high PLL bandwidth.

In addition, GCI is a typical time-varying system. Due to
external disturbances and the fluctuation of renewable energy
output, its operating point continuously changes [20]. The au-
thors in [21] proposed a GCI impedance model based on variable
operating point (VOP), which can describe the dynamic char-
acteristics of the system more comprehensively and accurately.
Therefore, this article analyzes the instability mechanism of GCI
based on the VOP impedance model and proposes an effective
compensation method.

The main advantages of this article are as follows.
1) A new stability analysis method is proposed based on the

variation characteristics of the GCI VOP impedance with
point of common coupling (PCC) voltage. This method
analyzes the dynamic interaction process between the fun-
damental voltage and nonfundamental voltage under small
disturbances, thus explaining the instability mechanism
of GCI. In contrast to the traditional impedance-based
analysis, this approach considers the broadband oscilla-
tion characteristics of GCI instability from a basic circuit

Fig. 1. Topology and control scheme of the GCI. (a) Topology of the GCI.
(b) Control scheme of the GCI. (c) The control structure of the PLL.

perspective, providing a clearer physical explanation for
the instability mechanism of GCI.

2) Based on the stability analysis method, a straightforward
stability discrimination region is proposed, where only the
synthetic impedance phase is used to accurately assess
the stability of GCI. The method identifies the instability
conditions when the GCI exhibits negative impedance
and provides a clear explanation for existing instability
phenomena, with conclusions that are more generally
applicable. It eliminates the need to derive summary rules
through point-by-point plotting of the Nyquist curves or
Bode plots.

3) A simple compensation control method based on q-axis
voltage is proposed. This method achieves complete de-
coupling between the GCI output impedance and voltage,
thereby avoiding the emergence of instability regions.
Compared with existing methods, this method signifi-
cantly enhances the performance of the GCI under weak
grid and high PLL bandwidth.

The rest of this article is organized as follows. In Section II,
based on the VOP impedance model of the GCI, the change law
of impedance with the PCC voltage is found. Furthermore, a
new stability analysis method is proposed, further obtaining a
new stability discriminant region and explaining the instability
mechanism of GCI under weak grid and high PLL bandwidth
in Section III. In Section IV, a q-axis voltage compensation
control method is proposed. In Sections V and VI, the simulation
and experimental results are separately provided to validate
the effectiveness of the method proposed. Finally, Section VII
concludes this article.

II. VARIABLE OPERATING POINT IMPEDANCE

CHARACTERISTICS OF THE GCI

Fig. 1 illustrates the topology and control scheme of the GCI.
Vdc is the dc-side voltage of the GCI; ua, ub and uc are the
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inner electric potentials; ia, ib, and ic are the output currents;
va, vb, and vc are the output terminal voltages; Lf , Cf , and
Rf are the filter inductance, filter capacitance, and damping
resistance, respectively; Lg and Rg are the line inductance and
resistance of the grid, respectively; vga, vgb, and vgc are the grid
voltages; iga, igb, and igc are the grid-connected currents; cabc is
the modulation signal. The subscripts “d” and “q” represent the
components of variables in the d-axis and q-axis, respectively.
The superscript “∗” indicates the reference value of the variable.

A. Control Scheme of the GCI

The GCI adopts closed-loop control of the inductor current,
as shown in Fig. 1(b). The control equations of the current loop
are shown as

cd = (I∗d − id)Hi(s)−Kdiq (1)

cq = (I∗q − iq)Hi(s) +Kdid (2)

whereHi(s) = kpi + kii/s; kpi and kii are the proportional and
integral coefficients of the current loop PI controller, respec-
tively; Kd is the decoupling coefficient.

The rotational reference angle θpll is generated by the PLL as
shown in Fig. 1(c). The relationship between Δθ and vq can be
obtained as

Δθ = Hpll(s)vq (3)

where Hpll(s) = (kp + ki/s)/s; kp and ki are the proportional
and integral coefficients of the PLL PI controller, respectively.

B. VOP Impedance Modeling of the GCI

Based on the harmonic linearization method, the detailed
modeling process of the VOP impedance model has been derived
in [21]. It is provided in Appendix A. The introduction of V1 and
I1 are analyzed. The impedance model of the GCI considering
VOPs can be obtained as

Zgcip(s) =
sLf + Vdc

2 (Hi(s− j2πf1)− jKd)Gi(s)

1− Vdc

2 KfGv(s)− Vdc

4
T (s−j2πf1)

V1

Gv(s)(Hi(s− j2πf1)− jKd)I1e
jφi1 (4)

Zgcin(s) =
sLf + Vdc

2 (Hi(s+ j2πf1) + jKd)Gi(s)

1− Vdc

2 KfGv(s)− Vdc

4
T (s+j2πf1)

V1

Gv(s)(Hi(s+ j2πf1) + jKd)I1e
−jφi1 (5)

where V1 is the amplitude of the fundamental PCC voltage;
f1 is the fundamental frequency; I1 is the amplitude of the
fundamental current; φi1 is the initial phase angle of the funda-
mental current; T (s) = V1Hpll(s)/[1 + V1Hpll(s)]; Gv/i(s) =
e−Ts(1− e−Ts)/[(Ts)(1 + s/ωv/i)] is the sampling function,
which simulates the sampling delay, PWM delay and sampling
low-pass filter; T is the sampling period, ωv/i is the cutoff angle
frequency of the low-pass filter; Kf is the voltage feedforward
coefficient.

Fig. 2. GCI impedance variation with V1 when the PLL controller is set
to 3.71 + 2145/s and the current controller is set to 0.074 + 0.2467/s.
(a) Positive sequence impedance. (b) Negative sequence impedance.

The vector relationship between the output current and the
grid-connected point voltage can be shown as

V1 = (Rg + j2πf1Lg)I1 +Vg (6)

where V1, I1, and Vg are PCC voltage vector, output current
vector, and grid voltage vector, respectively.

C. GCI Impedance Model Law Discovery

For the purpose of subsequent theoretical analysis, the filter
inductor is considered as the part of the GCI output impedance.
Therefore, the output impedance of the GCI is defined as

Z1p(s) = Zgcip(s)//(Rf + 1/sCf ) (7)

Z1n(s) = Zgcin(s)//(Rf + 1/sCf ) (8)

where Z1p(s) and Z1n(s) are the positive and negative output
sequence impedance of the GCI, respectively.

Considering the variability of the GCI operating point, and
through an extensive series of simulation experiments, this arti-
cle identifies a new characteristic of the GCI impedance model:
Within the negative resistance-capacitive frequency range, the
magnitude of the equivalent impedance decreases with decreas-
ing PCC voltage V1 or increasing output current I1, while the
phase remains unchanged, as shown in Figs. 2 and 3. The positive
sequence impedance range of the GCI is from 9 to 410 Hz, while
the negative sequence impedance range is from 0 to 325 Hz. The
system topology is depicted in Fig. 1 and the system parameters
are shown in Table I.

According to the impedance-based approaches, when the
impedance of the GCI exhibits negative resistance-capacitance
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Fig. 3. GCI impedance variation with I1 when the PLL controller is set
to 3.71 + 2145/s and the current controller is set to 0.074 + 0.2467/s.
(a) Positive sequence impedance. (b) Negative sequence impedance.

TABLE I
PARAMETERS OF GCI

characteristics, the system is prone to instability. Therefore, this
article aims to combine the negative impedance characteristics
of the GCI and the impedance variation with V1 to elucidate the
reason for system instability occurrences.

D. Theoretical Proof of the Impedance Variation Law of GCI.

In order to demonstrate the generality of the conclusions
obtained, this section will provide a specific theoretical analysis
process.

Based on the vector synthesis relationship between voltage
disturbance and current response, [7] analyzes the relationship
between the magnitude of q-axis impedance and current within
the bandwidth of the PLL. This article will analogize the the-
oretical proof process used in [7] and analyze the reasons for
the variation of GCI output impedance with voltage/current.
The following analysis will take the case of positive sequence

Fig. 4. Schematic diagram of the vector synthesis relationship between posi-
tive sequence voltage disturbance and current response.

impedance as an example. Similarly, the same conclusion can
be drawn for negative sequence impedance.

As shown in Fig. 4, when a positive sequence voltage distur-
bance Vp is injected into the GCI, it can be decomposed into
d-axis voltage disturbance ΔVpd and q-axis voltage disturbance
ΔVpq . The corresponding positive sequence current response
can be decomposed into d-axis response ΔIpd and q-axis re-
sponse ΔIpq . It is important to note that, according to [22], the
generation of the current response is mainly influenced by the
q-axis voltage disturbance, as the PLL needs to track the phase
through the q-axis voltage.

Within the bandwidth of the PLL, the q-axis voltage distur-
bance causes the voltage vector to shift from alignment with
the d-axis to �Vd. Due to the action of the PLL, the current
vector will rotate to maintain synchronization with the voltage
vector, causing |Id| to shift from alignment with the d-axis to
�Id, as shown in Fig. 4. Thus, according to the theory of similar
triangles, it can be concluded that

|Id|
|Vd| ≈

|ΔIpq|
|ΔVpq| · (9)

Similarly, within the bandwidth of the PLL, for the d-axis
current response, the current vector will rotate to maintain a
perpendicular alignment with the voltage vector, causing |Iq| to
shift from alignment with the q-axis to �Iq, as shown in Fig. 4.
Therefore, it can be concluded that

|Iq|
|Vd| ≈

|ΔIpd|
|ΔVpq| · (10)

Therefore, combining (9), (10), and the calculation principles
of positive sequence impedance

Zgcip =
|ΔVpd|+ j|ΔVpq|
|ΔIpd|+ j|ΔIpq|

≈ |ΔVpd|+ j|ΔVpq|
|Iq |
|Vd| |ΔVpq|+ j |Id|

|Vd| |ΔVpq|

= |Vd| |ΔVpd|+ j|ΔVpq|
(|Id| − j|Iq|)j|ΔVpq|

= − j|Vd|Vp

|I1|e−jφi1 |ΔVpq| · (11)

According to the calculation results in (11), it can be con-
cluded that within the PLL bandwidth, the output impedance
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of GCI is negative impedance, and changes in voltage magni-
tude and current magnitude have little effect on the phase of
GCI output impedance. They primarily affect the impedance
magnitude. The current magnitude is inversely proportional
to the impedance magnitude, while the voltage magnitude is
directly proportional to the impedance magnitude. Similarly,
this theory also applies to the analysis of the variation law of
negative sequence impedance Zgcin. Furthermore, after the GCI
impedance is connected in parallel with the filtering capacitor,
the GCI output impedance is primarily determined by Zgcip and
Zgcin in (7) and (8) within the PLL control bandwidth, which
means that Z1p and Z1n exhibit the same variation law as Zgcip

and Zgcin.

III. STABILITY ANALYSIS OF THE GCI

A. Discussion on Stability Analysis Approach

Some researchers analyze the instability conditions of GCI
when the output impedance is negative from the perspective of
fundamental circuits. In [23], it is proposed that the combination
of negative resistance with other components in the system can
form a negative resistance oscillator under certain conditions.
In [24], it was proposed that when GCI exhibits negative re-
sistance in absolute terms capable of overcoming the grid-side
resistance, it may result in electrical oscillations between the grid
inductance and equivalent capacitance. However, the presence of
negative resistance inevitably leads to negative damping within
the entire control system, potentially causing system oscilla-
tions, without the necessity for the system to undergo series
or parallel resonance. At the same time, when GCI instability
occurs, it usually manifests as broadband oscillations [25]. These
types of methods struggle to explain the cause of the oscillations
in the GCI output signals.

Therefore, to obtain the instability conditions of GCI under
negative impedance, this article draws an analogy to the ana-
lytical approach used in static rotor angle stability analysis to
determine the stable operating range of the rotor angle. In rotor
angle stability analysis, the stability and instability intervals
of the rotor angle are analyzed using the Pe − δ curve (i.e.,
Pe = Pmaxsin(δ).) [26]. In this method, the difference between
electrical power and mechanical power is utilized to assess the
acceleration (or deceleration) process of the rotor angle, leading
to the identification of the stable range [0, π/2] and the unstable
range [π/2, π]. This process utilizes the interaction relationship
between active power and rotor angle.

However, unlike rotor angle stability analysis, which is based
on the fundamental frequency, the broadband oscillation phe-
nomenon of GCI is characterized by significant oscillation am-
plitudes in nonfundamental signals. The fundamental signals
output interacts with nonfundamental signals, ultimately leading
to instability issues [25]. In addition, the stability classification
article published by IEEE/GICRE in 2020 mentions that “in
practice, small disturbance instability is characterized by the
system passing through a series of operating points until the
“final” event pushes the system into an unstable state” [27].
Therefore, the stability analysis of GCI needs to fully consider

Fig. 5. Equivalent circuit model of the GCI system.

the interaction between fundamental and nonfundamental sig-
nals under small disturbances.

Based on this analytical approach, this article establishes a
superposition model for the fundamental voltage and nonfun-
damental voltage at the grid connection point. By integrating
the impedance variation patterns identified in Section II, the
evolution process of the PCC voltage under disturbances is
analyzed, thereby providing a clear physical explanation for this
issue and deriving the instability conditions when GCI exhibits
negative impedance.

B. Stability Mechanism Analysis

The authors in [28] pointed out that for GCI grid-connected
system, GCI can be equivalent to the form of impedance. There-
fore, the equivalent circuit of GCI system under disturbance
can be obtained in Fig. 5, where Δ�Vg(s) is the small external
perturbation, Zg(s) is the line impedance, and Z1(s) is the GCI
equivalent impedance.

According to Fig. 5, the PCC voltage disturbance can be
expressed as

Δ�V1(s) =
Z1(s)

Z1(s) + Zg(s)
Δ�Vg(s). (12)

Then, the PCC voltage vector can be expressed as the sum of the
fundamental voltage vector and the disturbance voltage vector,
which can be shown in (13). This expression has also been
applied in [7]

�Vs = �V1 +Δ�V1(s)

= �V1 +
Z1(s)

Z1(s) + Zg(s)
Δ�Vg(s)

= �V1 +Δ�Vg(s) +

(
− Zg(s)

Z1(s) + Zg(s)

)
Δ�Vg(s). (13)

According to (13), we can define

A = A1 +A2 (14)

where A = �Vs, A1 = �V1 +Δ�Vg(s) can be considered as a con-

stant, A2 = − Zg(s)
Z1(s)+Zg(s)

Δ�Vg(s).
Based on (13) and (14), it can be observed that the magnitude

of A is jointly determined by the magnitudes of A1 and A2. The
magnitude of A can be approximately represented by V1, which
is a constant value under undisturbed conditions. After being
subjected to disturbances, the variation of V1 is shown in Fig. 6.
This variation includes both increasing and decreasing states.
Furthermore, according to the conclusions obtained in Section
II, the change in A will affect the change in Z1(s), which in
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Fig. 6. Schematic diagram of fundamental signal superimposed with distur-
bance signal.

Fig. 7. Illustration of PCC voltage variations after being disturbed. (a) Stable
state. (b) Unstable state.

turn influences the magnitude change of A2. If A increases, the
magnitude of A2 can decrease to suppress the increase of A;
conversely, if A decreases, the magnitude of A2 can increase
to suppress the decrease of A. Then, the system can maintain
stability. In this case, the variation of A is illustrated by the red
line in Fig. 7(a). It oscillates with fluctuations slightly below
the amplitude of the original disturbance. Once the disturbance
subsides, the voltage can return to the original operating point.
On the other hand, if the magnitudes ofA andA2 both increase or
decrease simultaneously, the change in A cannot be suppressed.
This further impacts the variation of A2, creating a vicious
cycle. Under small disturbances,Awill continuously increase or
decrease, leading to instability issues. In this case, the variation
of A is illustrated by the red line in Fig. 7(b). A gradually
diverges in oscillation until instability occurs.

Therefore, studying the stability issues of GCI can
be transformed into analyzing how the magnitude of
−Zg(s)/(Z1(s) + Zg(s)) changes with variations in voltage.
Since Zg(s) does not change with voltage variations, it is suffi-
cient to study how −1/(Z1(s) + Zg(s)) changes with V1.

C. Analysis of Stable and Unstable Regions

We assume that the system experiences positive sequence
(or negative sequence) disturbance with a frequency of ω1.
According to the model established by (13), at this frequency,
the output impedance of GCI is Z1(ω1), the phase of Z1(ω1)
is θ1(ω1), the line impedance is Zg(ω1), the system impedance
Z1(ω1) + Zg(ω1) is Z(ω1), the phase of Z(ω1) is θ(ω1). Since
ω1 can be expressed as any frequency within the negative
impedance frequency band, this analysis method can be used
to analyze the stability at any frequency within the negative
impedance frequency band.

Due to Z1(ω1) is negative resistance-capacitance and
Zg(ω1) is positive resistance-inductance (Zg(ω1) = Rg +
jω1Lg), θ1(ω1) lies within [−π,−π/2] and the phase ofZg(ω1)
lies within [0, π/2]. Then, the phase of Z(ω1)(that is θ(ω1))
may potentially exist at various positions within [−π, π]. It is
necessary to partition [−π, π] and conduct independent analysis.
In addition, since both increasing or decreasing the PCC voltage
yield the same analytical results, this article uses an increase in
PCC voltage as an example to discuss the stability within various
interval.

Fig. 8 illustrates the variation ofZ(ω1)when the PCC voltage
increases. The principle used is that the perpendicular segment
in a triangle is the shortest. That is, whenZ(ω1) is perpendicular
toZ1(ω1),Z(ω1) is the shortest. Therefore, each region in Fig. 8
is divided based on the straight line on which Z1(ω1) lies and
the straight line on which the perpendicular of Z1(ω1) lies. The
subinterval corresponds to the interval where θ(ω1) is located.
Regardless of the position ofZ1(ω1)within [−π,−π/2], as long
as θ(ω1) is within the corresponding interval, the same analysis
result can be obtained.

When A increases due to an external disturbance, the ampli-
tude of Z1(ω1) will increase while the phase will remain con-
stant. According to Fig. 8(a), (b), (c), and (h), when θ(ω1) is lo-
cated at [0, θ1(ω1) + 3π/2] or [θ1(ω1) + π/2, 0], the magnitude
of Z(ω1) will decrease. Then, the magnitude of (−1/Z(ω1))
will increase. According to (14), the change in the amplitude
of A2 will be unable to suppress the increase of A, leading
to a vicious cycle and causing instability issues. Similarly,
when A decreases, the change in the amplitude of A2 will
also decrease. It cannot suppress the decrease of A. Therefore,
[0, θ1(ω1) + 3π/2] and [θ1(ω1) + π/2, 0] are the destabilization
intervals.

According to Fig. 8(d)–(g), when θ(ω1) is located at
[θ1(ω1) + 3π/2, π] or [−π, θ1(ω1) + π/2], the magnitude of
Z(ω1) will increase. Then, the magnitude of (−1/Z(ω1)) will
decrease. According to (14), the change in the amplitude of A2

can suppress the increase of A. Then, the system can maintain
stability. Similarly, when A decreases, the change in the ampli-
tude of A2 will increase. It can also suppress the decrease of A.
Therefore, [θ1(ω1) + 3π/2, π] and [−π, θ1(ω1) + π/2] are the
stabilization intervals.

According to the above analysis process, it can be con-
cluded that when the system is disturbed, the amplitude of
the fundamental voltage fluctuates, which in turn affects the
nonfundamental voltage. If the fundamental voltage and the
nonfundamental voltage exhibit opposite trends, they will coun-
teract the changes of each other. Changes in the PCC voltage
will be suppressed, keeping the system stable. Conversely, if the
fundamental and nonfundamental voltage change in the same
direction, the PCC voltage will continue to shift along this
trend, causing the fundamental and nonfundamental voltage to
reinforce the changes of each other. This cyclic process will
exacerbate the oscillation of the PCC voltage, ultimately leading
to instability issues. Based on the analysis results, a new stability
discrimination region is further obtained, as shown in Fig. 9. It
only uses the synthetic impedance phase to assess stability. The
dividing line is the vertical line corresponding to Z1(s). When
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Fig. 8. Schematic diagram of Z(ω1) changing with V1. (a) θ(ω1) ∈ [0, θ1(ω1) + π]. (b) θ(ω1) ∈ [θ1(ω1) + π, π/2]. (c) θ(ω1) ∈ [π/2, θ1(ω1) + 3π/2].
(d) θ(ω1) ∈ [θ1(ω1) + 3π/2, π]. (e) θ(ω1) ∈ [−π, θ1(ω1)]. (f) θ(ω1) ∈ [θ1(ω1),−π/2]. (g) θ(ω1) ∈ [−π/2, θ1(ω1) + π/2]. (h) θ(ω1) ∈ [θ1(ω1) + π/2, 0].

Fig. 9. New impedance-based stability discrimination region: the green region
is stable, the remaining is unstable.

Fig. 10. Diagram of Z changes with Zg or I1. (a) The variation of Z with the
increase of Zg . (b) The variation of Z with the increase of I1.

the phase of the synthesized impedance Z(s) lies in the green
region, the system will remain stable; on the contrary, the system
will be destabilized.

D. Explanation of Common Instability Phenomena in GCI

1) The Higher the Line Impedance, the Worse the System
Stability: When the line impedance increases, as shown in
Fig. 10(a), it causes the synthesized impedance Z to cross the
negative half of the x-axis and gradually enter the instability
region, thus leading to the occurrence of instability phenomena.

2) Higher the Output Power, the Worse the System Stability:
Increasing the output power of the GCI will result in an increase
in its output current. Based on Fig. 3, it can be observed that the
magnitude of the GCI equivalent impedance decreases with the
growth of the output current, while the phase remains constant.
Therefore, according to Fig. 10(b), as the current increases, the
synthesized impedance Z will gradually approach the negative
half of the x-axis and may potentially enter the instability region,
thus leading to the occurrence of instability phenomena.

3) Higher the PLL Bandwidth, the Worse the System Stabil-
ity: The larger the bandwidth of the PLL, the greater the negative
impedance frequency range of Z1. This will lead to an increase
in the magnitude corresponding to the line impedance, making
it similar to the situation depicted in Fig. 10(a), which can easily
drive the system synthetic impedance into the instability region.

The instability of GCI under weak grid and high PLL band-
width is caused by a decrease in the equivalent impedance of
GCI or an increase in the line impedance, which results in
the synthesized impedance Z entering the instability region.
The emergence of the instability region is due to the fact that
within this range, changes in PCC voltage cannot be suppressed.
Therefore, if the equivalent impedance of the GCI remains
constant with changes in voltage, it can effectively prevent the
appearance of the instability region and thereby enhance system
stability.

IV. STABILITY ENHANCEMENT METHOD FOR GCI

A. Compensation Method Based on Q-Axis Voltage

Based on the analysis and conclusions drawn in the preceding
sections, this section introduces a compensation-based control
method that ensures the output impedance of GCI remains con-
stant regardless of changes in voltage. This effectively enhances
the stability of GCI under weak grid and high PLL bandwidth.

Observing (4) and (5), the variation in GCI output impedance
with changes in voltage is due to the presence of V1 in its
denominator. If it is possible to make the coefficient of V1

equal to zero, GCI output impedance can remain constant. The
coefficient of V1 includes T (s), Hi(s), Gv(s), and I1, with
Gv(s) and I1 being inherent system variables/parameters that
cannot be altered. Therefore, the most direct approach would
be to design the parameters of T (s) and Hi(s) so that their
product in the frequency domain equals zero. However, simul-
taneously designing all four parameters is quite difficult. At the
same time, the coefficient of V1 is introduced due to the PLL,
which is related to the q-axis voltage [19]. Based on this, this
article proposes to superimpose a q-axis voltage compensation
component on the current loop control to cancel the perturbation
component due to the grid impedance acting with PLL and at the
same time, make the coefficient of V1 become 0. Therefore, the
compensation terms for the d-axis and q-axis can be obtained as

G1d(s) =
T (s)(IdKd − IqHi(s))

V1(T (s)− 1)
(15)
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Fig. 11. Current loop with added compensation control.

G1q(s) = −T (s)(IdHi(s) + IqKd)

V1(T (s)− 1)
(16)

where Id + jIq = I1cos(φi1) + jI1sin(φi1). It should be noted
that Id and Iq represent the values of d-axis and q-axis current,
rather than the signal itself.

After adding these compensation terms, it is possible to suc-
cessfully make the coefficient term of V1 become 0. However,
due to T (s)/V1(T (s)− 1) = −Hpll(s), it will introduce an
additional integral component 1

s to the entire compensation
term. Under weak grid, there can be significant fluctuations in
the q-axis voltage [19]. The integration term amplifies these
fluctuations, which may have a negative impact on the stability
of the system [16]. Therefore, this article adopts V1(T (s) + 1)
to replace V1(T (s)− 1) in (15) and (16), thereby avoiding
the occurrence of the aforementioned issues. Since this article
focuses on the oscillation issues in the mid and high frequency
range of GCI, (T (s)− 1)/(T (s) + 1) ≈ 1, using V1(T (s) + 1)
achieves the same effect as compensating with V1(T (s)− 1).
Therefore, the new compensation terms are

Gd(s) =
T (s)(IdKd − IqHi(s))

V1(T (s) + 1)
(17)

Gq(s) = − T (s)(IdHi(s) + IqKd)

V1(T (s) + 1)
· (18)

The current control loop with added compensation control is
shown in Fig. 11. After incorporating compensation control, the
expressions for the modulated waves ca in the frequency domain
can be obtained as

ca[f ] =

{
(−Hi(s∓ j2πf1)± jKd)Gi(s)Ip f = ±fp

(−Hi(s± j2πf1)∓ jKd)Gi(s)In f = ±fn.

(19)

Then, the equivalent impedance model of the GCI after com-
pensation control can be obtained

Z1np(s) =
sLf + Vdc

2 (Hi(s− j2πf1)− jKd)Gi(s)

1− Vdc

2 KfGv(s)
(20)

Z1nn(s) =
sLf + Vdc

2 (Hi(s+ j2πf1) + jKd)Gi(s)

1− Vdc

2 KfGv(s)
· (21)

According to (20) and (21), it can be seen that the equivalent
impedance of the GCI no longer contains V1, and its equivalent
impedance does not change with the change of V1, which can
effectively avoid the appearance of the instability region. It can
make the stable operation of the GCI under weak grid and high
PLL bandwidth.

Fig. 12. Bode diagram of the current controller when the controller is designed
as 28.2 + 12/s.

B. Selection of Parameters for the Current Control Loop

In previous section, a compensation control method based on
q-axis voltage, which decouples the GCI equivalent impedance
from the PLL, voltage and current is proposed. Based on (20) and
(21), it is clear that the equivalent impedance is only related to
the current controller parameters. To ensure the system maintain
good dynamic performance under weak grid conditions, this
section will design parameters for current controller.

According to [16], the closed-loop transfer function of the
current control loop is Gc(s) = Go(s)/(1 +Go(s)), in which
Go(s) = (kpi + kii/s)/sLf is the open loop gain. In classical
control theory, the bandwidth ωbw of the closed-loop system is
defined as the frequency at which the gain decreases by 3 dB
from its gain at ω = 0 [29]. The larger ωbw, the better the
dynamic performance of the system. Meanwhile, ωbw should
be less than 1/10 of the inverter switching frequency [30]. The
switching frequency of the GCI used in this article is 20 kHz.
To balance the system control performance with the design
requirements, ωbw of 1500 Hz are selected for the current
loop. In summary, when the filter inductance Lf is selected
as 3 mH, the current controller is designed as 28.2 + 12/s,
with a control bandwidth of 1500 Hz. As shown in Fig. 12, the
Bode plot of the current controller crosses −3 dB at 1500 Hz.
Therefore, the parameters of the current control loop meet the
design requirements, ensuring good dynamic performance of the
current control in the system. In the subsequent simulations and
experiments, the control parameters obtained will be used.

V. SIMULATION RESULTS

In this section, the effectiveness of the stability analy-
sis method proposed and the stability enhancement method
proposed in this article are severally verified through MAT-
LAB/Simulink. Thereinto, the system topology is depicted in
Fig. 1. The system parameters are provided in Table I.

A. Effectiveness of the Stability Analysis Method Proposed

According to the analysis results in Section III, it is evident
that when Z consistently resides within the stable region, the
system is bound to be stable. Conversely, instability issues arise
when the synthesized impedance falls outside this stable region.
This article validates the proposed method by adjusting the line
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TABLE II
TEST SITUATIONS

Fig. 13. Schematic diagram of the region where Zp(n) is located under
situation 1: Rg is 0.04 Ω, Lg is 4 mH, output power is 10 kW and PLL
bandwidth is 130 Hz. (a) Positive sequence impedance, stable. (b) Negative
sequence impedance, stable.

Fig. 14. Simulation result of the GCI output current under situation 1: Rg is
0.04 Ω, Lg is 4 mH, output power is 10 kW and PLL bandwidth is 130 Hz.

Fig. 15. Schematic diagram of the region where Zp(n) is located under
situation 2:Rg is 0.04Ω,Lg is 4 mH, output power is 20 kW and PLL bandwidth
is 130 Hz. (a) Positive sequence impedance, unstable. (b) Negative sequence
impedance, stable.

impedance, the output power of the GCI and the PLL bandwidth
to position the synthesized impedance within different regions.
The effectiveness of the analysis method is then verified based
on the output current of the GCI. The test situations are shown
in Table II.

In order to make the simulation verification results more
intuitive, this article defines the boundary of the positive half axis
of the y-axis in Fig. 9 as B1 and the boundary of the negative half
axis of the y-axis as B2. The simulation results of the four testing

Fig. 16. Simulation result of the GCI output current under situation 2: Rg is
0.04 Ω, Lg is 4 mH, output power is 20 kW and PLL bandwidth is 130 Hz.

Fig. 17. Schematic diagram of the region where Zp(n) is located under
situation 3: Rg is 0.04 Ω, Lg is 14 mH, output power is 10 kW and PLL
bandwidth is 130 Hz. (a) Positive sequence impedance, unstable. (b) Negative
sequence impedance, unstable.

Fig. 18. Simulation result of the GCI output current under situation 3: Rg is
0.04 Ω, Lg is 14 mH, output power is 10 kW and PLL bandwidth is 130 Hz.

situations are shown in Figs. 13, 15, 17, and 19. The vertical axis
range of the simulation results is [−180◦, 180◦], corresponding
to Fig. 9. The horizontal axis represents the frequency band
where the GCI output impedance is negative impedance. The
simulation diagram contains three curves, namely B1, B2, and
the system synthesis impedanceZp (orZn). The region between
B1 and B2 is the unstable region, while the remaining region is
the stable region. When Zp (or Zn) passes through the unstable
region, it represents system instability. On the contrary, the
system remains stable.

For situation 1, the region in which the synthesized impedance
phase θ of the grid-connected system is located as shown in
Fig. 13. The positive sequence phase and negative sequence
phase is always in the stable range, indicating that the system is
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Fig. 19. Schematic diagram of the region where Zp(n) is located under
situation 4:Rg is 0.04Ω,Lg is 4 mH, output power is 10 kW and PLL bandwidth
is 220 Hz. (a) Positive sequence impedance, unstable. (b) Negative sequence
impedance, unstable.

Fig. 20. Simulation result of the GCI output current under situation 4: Rg is
0.04 Ω, Lg is 4 mH, output power is 10 kW and PLL bandwidth is 220 Hz.

inherently stable. The output current of the GCI is illustrated in
Fig. 14, confirming the stability of the system.

For situation 2, the region in which the synthesized impedance
phase θ is located as shown in Fig. 15. Although the negative
sequence impedance consistently remains within the stable re-
gion, the positive sequence impedance enters the unstable region
[π/2, θ1 + 3π/2] in the high frequency range. In this case, the
system will experience instability. The output current of the GCI
is depicted in Fig. 16, confirming the occurrence of instability
in the system.

For situation 3, the region in which the synthesized impedance
phase θ resides is shown in Fig. 17. Both positive and negative
sequence phase enter the instability region [π/2, θ1 + 3π/2] in
the high frequency range. In this case, the system will experience
instability. The output current of the GCI is illustrated in Fig. 18,
confirming the occurrence of instability in the system.

For the situation 4, the region in which the synthesized
impedance phase θ resides is shown in Fig. 19. Similar to the
situation 3, both positive and negative sequence phase enter
the instability region [π/2, θ1 + 3π/2] in the high frequency
range. In this case, the system will experience instability. The
output current of the GCI is illustrated in Fig. 20, confirming the
occurrence of instability in the system.

The above four sets of simulation results validate the ef-
fectiveness of the analysis method proposed. In addition, they
confirm the explanatory mechanism in this article regarding the
susceptibility of GCI to instability under weak grid and high
PLL bandwidth.

TABLE III
TEST CASES

B. Performance Analysis of the Proposed Compensation
Control Method

To validate the effectiveness and performance of the com-
pensation control method proposed in this article, test data as
shown in Table III are employed. Table III includes three cases,
labeled from case 1 to case 3, where the GCI output power, line
impedance, and PLL bandwidth gradually increase, indicating
increasingly challenging operating conditions for the system.
The relationship between PLL bandwidth and PI parameters
can be found in [31]. The simulation results of GCI output
current without additional control are shown in Fig. 21. At low
output power, line impedance and PLL bandwidth, GCI operates
stably. However, as the system operating conditions become
more adverse, instability occurs in GCI. This greatly limits the
application of GCI under weak grid. The simulation results
of GCI output current based on the compensation control are
shown in Fig. 22. In all cases, GCI remains stable. The proposed
method in this article eliminates the coupling between GCI
and voltage, enhancing the system stability without sacrificing
dynamic performance.

Furthermore, in practical operation, GCI may work under
nonunity power factor conditions [32]. However, most research
commonly assumes the power factor of 1 for GCI and pro-
poses corresponding stability enhancement methods, which is
evidently unrealistic. According to (20) and (21), the solution
presented in this article also eliminates the coupling between
GCI and the q-axis current, ensuring system stability under
nonpower factor condition. Therefore, in case 3, keeping other
parameters constant and setting the q-axis current to 3 A, the
simulation results are shown in Fig. 23. Fig. 23(a) shows the
tracking performance of the d-axis and q-axis current of GCI,
while Fig. 23(b) presents the waveform of GCI output current.
The simulation results indicate that under nonpower factor con-
dition, the system can still operate stably, and the d-axis and
q-axis currents can track the set values effectively.

In summary, the comprehensive simulation analysis effec-
tively validates the performance of the proposed method under
weak grid and high PLL bandwidth, as well as under non-unity
power factor situation.

C. Comparison With State-of-the-art Methods

This article reveals that the emergence of instability regions
is caused by the impedance varying with voltage changes. Ac-
cordingly, a q-axis voltage compensation method is proposed
to decouple impedance from voltage and avoid the occurrence
of instability regions. However, existing methods cannot achieve
complete decoupling of impedance and voltage, preventing them
from the operational capability of GCI under weak grid and high
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Fig. 21. Simulation results of the GCI output current without additional control under different cases. (a) Case 1: Lg is 6 mH, output power is 8 kW and PLL
bandwidth is 70 Hz. (b) Case 2: Lg is 12 mH, output power is 13 kW and PLL bandwidth is 130 Hz. (c) Case 3: Lg is 16 mH, output power is 18 kW and PLL
bandwidth is 220 Hz.

Fig. 22. Simulation results of the GCI output current with the method proposed under different cases. (a) Case 1: Lg is 6 mH, output power is 8 kW and PLL
bandwidth is 70 Hz. (b) Case 2: Lg is 12 mH, output power is 13 kW and PLL bandwidth is 130 Hz. (c) Case 3: Lg is 16 mH, output power is 18 kW and PLL
bandwidth is 220 Hz.

Fig. 23. Simulation results of the GCI output current with the method proposed
under nonpower factor condition. (a) GCI output d-axis and q-axis current.
(b) GCI output current.

PLL bandwidth. The design principles and drawbacks of existing
methods are shown in Table IV.

The authors in [11] and [12] proposed improving system
stability by reducing the PLL bandwidth. The authors in [13]

Fig. 24. Simulation results of the GCI output current with different methods
under case 3:Lg is 16 mH, output power is 18 kW and PLL bandwidth is 220 Hz.
(a) Method proposed in [16]. (b) Method proposed in [17].

and [14] provided guidelines for selecting the controller param-
eters for both the PLL and current controller. However, such
methods often involve a complex parameter design process and
are likely to reduce the dynamic response speed of the system. In
addition, they cannot eliminate the coupling between impedance
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TABLE IV
COMPARISON WITH STATE-OF-THE-ART METHODS

Fig. 25. Simulation results of the GCI output current with different methods
under case 3:Lg is 16 mH, output power is 18 kW and PLL bandwidth is 220 Hz.
(a) Method proposed in [19]. (b) Method proposed in [38].

and voltage. The authors in [15] proposed a decoupling strategy
between the PLL and grid impedance, making the PLL band-
width independent of system stability. However, this method
relies on accurate online grid impedance measurements, which
reduces its reliability. The authors in [16] introduced a PLL based
on a constant coupling effect, but the coupling term depends on
the output voltage, and voltage variations affect the degree of
coupling. Moreover, the design process for these methods is
also complex. Furthermore, [33] proposed a symmetrical PLL
structure. This method introduces a complex phase angle to
capture the grid voltage dynamics on both the q-axis and d-axis.
However, it is difficult to achieve decoupling between the GCI
impedance and voltage. The authors in [34] and [35] proposed
compensating the PLL using estimated grid impedance values
or an artificial bus between the PCC and the grid. However, such
methods also rely on online grid impedance measurements. The
authors in [36] and [37] designed state feedback controllers to
enhance the stability of GCI, but the design process of such
methods is very complex and difficult to implement.

Compared with modifying the PLL structure and feed-
back controller design, impedance reshaping/virtual impedance
methods and current loop compensation control methods also
have been widely applied. The authors in [38] reshaped the
q-axis impedance of GCI into a positive resistance, but this
method ignores the coupling between the voltage and d-axis. The
authors in [39] proposed an impedance adjustment scheme to
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Fig. 26. Simulation results of the GCI output current, frequency and voltage with the method proposed under different disturbances in case 3: Lg is 16 mH,
output power is 18 kW and PLL bandwidth is 220 Hz. (a) GCI output current under grid voltage frequency fluctuation. (b) GCI output current under phase A grid
voltage sag. (c) GCI output current under grid voltage phase jump. (d) Grid voltage frequency fluctuation of 0.1 Hz. (e) Phase A grid voltage sag by 12%. (f) Grid
voltage phase jump of π/10 (18◦).

ensure that when the impedance magnitudes intersect, the phase
difference is less than 180◦, but this method relies on accurate
measurement of grid impedance. The authors in [40] configured
virtual impedance loop to adjust the GCI output impedance.
However, this method cannot achieve complete decoupling of
impedance and voltage, and it has poor robustness. The com-
pensation method in [17] only acts on the q-axis, ignoring
the voltage coupling introduced by the d-axis. Meanwhile, the
method proposed in [17] introduces an integral term 1/s in the
compensation term, which can have adverse effects in weak grid.
The method in [18] introduced d-axis voltage compensation
on the d-axis and q-axis voltage compensation on the q-axis,
respectively. However, the V1 term introduced by the d-axis
is mainly related to the q-axis voltage. The PLL tracks phase
based on the q-axis voltage. Therefore, this method also cannot
achieve complete decoupling between the d-axis and voltage.
Meanwhile, this method focuses more on eliminating the cou-
pling introduced by the dc outer loop. When the influence of
the dc outer loop is not considered, this method is similar to
the method proposed by [17]. The method in [19] ignores the
voltage coupling introduced by the current decoupling term. The
authors in [41] proposed introducingVα andVβ compensation in
the stationary reference frame, but this method is not suitable for
GCI with PLL. In conclusion, compared with the present control
methods, the method proposed can more easily and significantly
enhance GCI operational capability in weak grid and exhibit
stronger robustness.

In this section, we will compare the methods proposed in [16],
[17], [19], and [38] with the method proposed in this article
under case 3. The simulation results of the methods proposed
in [16], [17], [19], and [38] are shown in Figs. 24 and 25. The
simulation results indicate that the output currents of all four
stability enhancement methods generate significant oscillations,
making it challenging to ensure the stable operation of the
system. In comparison to Fig. 22(c), the method proposed in this

article clearly outperforms the stability enhancement solutions
suggested in the aforementioned references.

D. Performance Analysis Under System Disturbances

In practical scenarios, system disturbances are inevitable,
such as fluctuations in grid voltage frequency, grid voltage drops,
and phase jumps in grid voltage [16]. The simulated waveforms
of the GCI based on compensation control are illustrated in
Fig. 26. Among them, Fig. 26(a)–(c) represent the corresponding
current waveforms during fluctuations in grid voltage frequency,
sudden drops in grid voltage and phase jumps in grid volt-
age, respectively. Fig. 26(d) shows the result when the grid
voltage frequency gradually decreases from the nominal value.
Fig. 26(e) depicts the result when the phase A grid voltage drops
by 12% from the nominal value while the other phases remain
at the nominal value. Fig. 26(f) presents the result when there is
a phase jump of π/10 (18◦) in the three-phase grid voltage.

It can be observed that the system remains stable under var-
ious disturbances. The compensation control method designed
enables the system to accurately estimate the grid phase even in
scenarios with high PLL bandwidth, facilitating precise control.
Simulation results indicate that this method exhibits excellent
disturbance rejection capabilities and can enhance the transient
performance of the system under disturbances. The above four
sets of simulation results align well with theoretical analysis.
Therefore, the proposed compensation control method can be
considered as an effective solution for enhancing the stability of
GCI.

VI. EXPERIMENTAL RESULTS

In this section, an experimental test is conducted to ver-
ify the effectiveness of the stability analysis method proposed
and the stability enhancement scheme based on compensation.
The controller hardware-in-the-loop (CHIL) experiments are
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Fig. 27. CHIL experiment topology.

Fig. 28. Experimental result of the GCI output current under situation 1: Rg

is 0.04 Ω, Lg is 4 mH, output power is 10 kW and PLL bandwidth is 130 Hz.

Fig. 29. Experimental result of the GCI output current under situation 2: Rg

is 0.04 Ω, Lg is 4 mH, output power is 20 kW and PLL bandwidth is 130 Hz.

set in OPAL-RT real-time simulator. In this CHIL experiment,
the traditional control strategy and compensation-based control
method for GCI are embedded into one DSP(TMS320F28335)
controller when the other elements are simulated through the
OPAL-RT real-time simulator, which are seen in Fig. 27. Mean-
while, the detailed section can be found in [42]. The parameters
of the relevant experimental test system are the same as those of
the simulation system in Table I.

A. Effectiveness of the Stability Analysis Method Proposed

In this section, experimental validation will be conducted for
the situations listed in Table II. The experimental results are
shown in Figs. 28–31. The results indicate that GCI is only stable
in the situation 1, while in the other three situations, the output
waveform exhibits significant oscillations, and the GCI cannot
operate stably. According to the analysis results in Figs. 13,
15, 17, and 19, the synthetic impedance Z remains within the
stability region only in the situation 1; in the other situations, Z
enters the instability region. Therefore, GCI can operate stably
only in the situation 1. The experimental results are consistent

Fig. 30. Experimental result of the GCI output current under situation 3: Rg

is 0.04 Ω, Lg is 14 mH, output power is 10 kW and PLL bandwidth is 130 Hz.

Fig. 31. Experimental result of the GCI output current under situation 4: Rg

is 0.04 Ω, Lg is 4 mH, output power is 10 kW and PLL bandwidth is 220 Hz.

Fig. 32. Experimental results of the GCI output current with different methods
under case 3:Lg is 16 mH, output power is 18 kW and PLL bandwidth is 220 Hz.
(a) Without additional control. (b) Method proposed in this article.

with the theoretical analysis, which validates the correctness of
the proposed stability discrimination regions.

B. Effectiveness of the Stability Enhancement Method
Proposed

In this section, experimental validation will be conducted
using the parameters from case 3 in Table III. The experimental
result without control is shown in Fig. 32(a). The experimental
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Fig. 33. Experimental results of the GCI output current with different methods
under case 3:Lg is 16 mH, output power is 18 kW and PLL bandwidth is 220 Hz.
(a) Method proposed in [16]. (b) Method proposed in [17].

Fig. 34. Experimental results of the GCI output current with different methods
under case 3:Lg is 16 mH, output power is 18 kW and PLL bandwidth is 220 Hz.
(a) Method proposed in [19]. (b) Method proposed in [38].

result of the proposed method is shown in Fig. 32(b). The results
of the control methods proposed in [16], [17], [19] and [38] are
shown in Figs. 33 and 34. Through comparison, it is found that
only the method proposed in this article enables GCI to operate
stably under extremely weak grid and high PLL bandwidth.
Under the other control methods, the output waveform of the
GCI exhibits significant distortion, and GCI becomes unstable.
This further validates the effectiveness of the proposed method.

Fig. 35 shows the operating conditions of GCI under non-
power factor conditions after applying the proposed method,

Fig. 35. Experimental results of the GCI output current with the method
proposed under nonpower factor condition.

Fig. 36. Experimental results of the GCI output current and frequency with
the method proposed under grid voltage frequency fluctuation of 0.1 Hz in case
3: Lg is 16 mH, output power is 18 kW and PLL bandwidth is 220 Hz.

Fig. 37. Experimental results of the GCI output current and voltage with the
method proposed under phase A grid voltage sag by 12% in case 3:Lg is 16 mH,
output power is 18 kW and PLL bandwidth is 220 Hz.

Fig. 38. Experimental results of the GCI output current and voltage with the
method proposed under grid voltage phase jump of π/10 (18◦) in case 3: Lg is
16 mH, output power is 18 kW and PLL bandwidth is 220 Hz.

using the parameters from case 3 in Table III. The experimental
results indicate that GCI can still operate stably.

Figs. 36–38 illustrate the operating performance of GCI
under system disturbances after applying the proposed method.
At t1, t2, and t3, GCI experiences fluctuations in grid voltage
frequency, sudden drops in grid voltage, and phase jumps in grid
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voltage, respectively. The specific disturbances correspond to the
values used in the simulation experiments. The experimental
results demonstrate that GCI can still achieve precise current
control, ensuring stable operation of the system.

The conclusions drawn from the hardware experiments are
consistent with those from the simulation experiments. This
further validates the effectiveness of the proposed method and
its superiority over existing control strategies.

VII. CONCLUSION

This article has proposed a more general stability analysis
method for GCI, providing a clear physical explanation for GCI
instability and further obtaining the instability conditions when
GCI exhibits negative impedance. The research results indicate
that, GCI instability arises due to the interaction between the
fundamental and nonfundamental voltage at the PCC. This in-
teraction will exacerbate the oscillation of system voltage, lead-
ing to instability issues. Furthermore, a new impedance-based
stablility discrimination region has been obtained. Under weak
grid conditions and high PLL bandwidth, the system equivalent
impedance is prone to entering the unstable region. The gener-
ation of the instability region is attributed to the variation in the
equivalent impedance of GCI with changing PCC voltage.

Furthermore, to enhance GCI stability under weak grid con-
ditions and high PLL bandwidth, a simple q-axis voltage com-
pensation control method has been proposed. This method
decouples the GCI output impedance from the voltage, thus
avoiding the emergence of instability regions. It significantly
improves GCI operational capability under adverse conditions,
endowing GCI with robust disturbance resistance and transient
performance during system perturbations.

APPENDIX A
SEQUENCE IMPEDANCE MODELING OF THE GCI

In the time domain, after adding small-signal perturbations,
the phase A output terminal voltage and output current of the
GCI are as follows:

va(t) = V1cos(2πf1t) + Vpcos(2πfpt+ φvp)

+ Vncos(2πfnt+ φvn) (A.1)

ia(t) = I1cos(2πf1t+ φi1) + Ipcos(2πfpt+ φip)

+ Incos(2πfnt+ φin) (A.2)

where Vp and Vn are the amplitudes of the positive sequence
voltage perturbation and negative sequence voltage perturbation,
respectively; I1, Ip, and In are the amplitudes of the fundamental
current, positive sequence current perturbation, and negative
sequence current perturbation, respectively; f1, fp, and fn are
the fundamental frequency, positive sequence perturbation fre-
quency and negative sequence perturbation frequency, respec-
tively; φvp and φvn are the initial phase angles of the positive
sequence voltage perturbation and the negative sequence voltage
perturbation, respectively; φi1, φip, and φin are the initial phase
angles of the fundamental current, positive sequence current
response, and negative sequence current response, respectively.

From (A.1) and (A.2), the frequency-domain expressions of
va and ia can be described as follows:

Va[f ] =

⎧⎪⎨
⎪⎩
V1, f = ±f1

Vp, f = ±fp

Vn, f = ±fn

, Ia[f ] =

⎧⎪⎨
⎪⎩
I1, f = ±f1

Ip, f = ±fp

In, f = ±fn
(A.3)

where V1 = V1/2; Vp = (Vp/2)e
±jφvp ; Vn = (Vn/2)e

±jφvn ;
I1 = (I1/2)e

±jφi1 ; Ip = (Ip/2)e
±jφip ; In = (In/2)e

±jφin .
The bold capital letters in the formula represent the frequency
domain representation of the signal, including the amplitude,
frequency, and phase information of the signal.

According to (3), assumed that the transfer function between
the voltage perturbation and Δθ in the frequency domain is

Δθ[f ] =

{
Gp(s)Gv(s± j2πf1)Vp, f = ±(fp − f1)

Gn(s)Gv(s∓ j2πf1)Vn, f = ±(fn + f1)

(A.4)

where Gv(s) is the voltage sampling function, Gv(s) =
e−Ts(1− e−Ts)/[(Ts)(1 + s/ωv)] simulates the sampling de-
lay, PWM delay and sampling low-pass filter. T is the sampling
period, ωv is the cutoff angle frequency of the low-pass filter.

According to (3) and (A.4), the expressions of vd and vq in
the frequency domain can be obtained as

Vd[f ] =

⎧⎪⎨
⎪⎩
V1, dc

Gv(s± j2πf1)Vp, f = ±(fp − f1)

Gv(s∓ j2πf1)Vn, f = ±(fn + f1)

(A.5)

Vq[f ] =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

0, dc

(−Gp(s)V1 ∓ j)

Gv(s± j2πf1)Vp, f = ±(fp − f1)

(−Gn(s)V1 ± j)

Gv(s∓ j2πf1)Vn, f = ±(fn + f1).

(A.6)

Associating (A.4)–(A.6), the transfer function between the
voltage perturbation and Δθ can be solved as

Gp(s) = ∓jHPLL(s)/[1 + V1HPLL(s)] (A.7)

Gn(s) = ±jHPLL(s)/[1 + V1HPLL(s)]. (A.8)

Combining (A.3), (A.4), (A.7), and (A.8), the expressions for
id and iq in the frequency domain can be obtained as

Id[f ] =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

I1cosφi1, dc

∓j T (s)
V1

Gv(s± j2πf1)I1

sinφi1Vp +Gi(s± j2πf1)Ip, f = ±(fp − f1)

±j T (s)
V1

Gv(s± j2πf1)I1

sinφi1Vn +Gi(s± j2πf1)In, f = ±(fn + f1)

(A.9)
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Iq[f ] =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

I1sinφi1, dc

±j T (s)
V1

Gv(s∓ j2πf1)I1

cosφi1Vp ∓ jGi(s∓ j2πf1)Ip, f = ±(fp − f1)

∓j T (s)
V1

Gv(s∓ j2πf1)I1

cosφi1Vn ± jGi(s∓ j2πf1)In, f = ±(fn + f1)

(A.10)

whereT (s) = V1HPLL(s)/[1 + V1HPLL(s)];Gi(s) is the cur-
rent sampling function, Gi(s) = e−Ts(1− e−Ts)/[(Ts)(1 +
s/ωi)] simulates the sampling delay, PWM delay, and sampling
low-pass filter. ωi is the cutoff angle frequency of the low-pass
filter.

Associating (1), (2), (A.9), and (A.10), and based on the
inverse dq coordinate transformation, the expressions for the
modulated waves ca in the frequency domain can be obtained as

ca[f ] =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∓j T (s∓j2πf1)
2V1

(Hi(s∓ j2πf1)∓ jKd)

(−I1sinφi1 ± jI1cosφi1)Gv(s)Vp

+[−Hi(s∓ j2πf1)± jKd]Gi(s)Ip, f = ±fp

±j T (s±j2πf1)
2V1

(Hi(s± j2πf1)± jKd)

(−I1sinφi1 ∓ jI1cosφi1)Gv(s)Vn

+[−Hi(s± j2πf1)∓ jKd]Gi(s)In, f = ±fn.

(A.11)

According to Fig. 1(b), the frequency domain expression of
ma can be obtained as

ma[f ] =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∓j T (s∓j2πf1)
2V1

(Hi(s∓ j2πf1)

∓jKd)(−I1sinφi1 ± jI1cosφi1)

Gv(s)Vp +KfGv(s)Vp + [−Hi(s

∓j2πf1)± jKd]Gi(s)Ip, f = ±fp

±j T (s±j2πf1)
2V1

(Hi(s± j2πf1)

±jKd)(−I1sinφi1 ∓ jI1cosφi1)

Gv(s)Vn +KfGv(s)Vn + [−Hi(s

±j2πf1)∓ jKd]Gi(s)In, f = ±fn.

(A.12)

The relationship between the inductance current, bridge arm
midpoint voltage, and PCC voltage of the grid connected inverter
can be obtained from Fig. 1(a) as follows:

sLf ia =
Vdc

2
ma − va. (A.13)

Substituting (A.3) and (A.12) into (A.13), the expressions for
the positive and negative sequence impedance of GCI can be
obtained as shown in (4) and (5) on Page 3, respectively.

Based on the above modeling process, it can be observed that
I1 is introduced when the current signal undergoes dq transfor-
mation via the PLL as shown in (A.9) and (A.10). Subsequently,
it becomes coupled with the GCI output impedance through the
current controller (and the current decoupling term) in (1)–(2)
and line transmission relationship in (A.13).V1 is introduced due
to the phase-locked control of PLL. Subsequently, it follows the

Fig. 39. GCI output impedance variation with V1 when the PLL controller
is set to 3.71 + 2145/s and the current controller is set to 28.2 + 12/s.
(a) Positive sequence impedance. (b) Negative sequence impedance.

Fig. 40. GCI output impedance variation with I1 when the PLL controller
is set to 3.71 + 2145/s and the current controller is set to 28.2 + 12/s.
(a) Positive sequence impedance. (b) Negative sequence impedance.

same transmission path as I1 and is introduced into the GCI
output impedance.

APPENDIX B
SIMULATION VERIFICATION OF IMPEDANCE VARIATION WITH

VOLTAGE AND CURRENT

To verify the universality of the conclusions drawn, this article
conducts additional simulation validation of the GCI impedance
model under different PLL parameters and current control loop
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Fig. 41. GCI output impedance variation with V1 when the PLL controller
is set to 2.29 + 812.4/s and the current controller is set to 28.2 + 12/s.
(a) Positive sequence impedance. (b) Negative sequence impedance.

Fig. 42. GCI output impedance variation with I1 when the PLL controller
is set to 2.29 + 812.4/s and the current controller is set to 28.2 + 12/s.
(a) Positive sequence impedance. (b) Negative sequence impedance.

parameters. The simulation results are shown in Figs. 39–42.
In Figs. 39 and 40, the PLL controller is set to 3.71 + 2145/s
and the current controller is set to 28.2 + 12/s. In Figs. 41 and
42, the PLL controller is set to 2.29 + 812.4/s and the current
controller is set to 28.2 + 12/s. It can be observed that under
various control parameters, the impedance magnitude increases
with the increase in voltage (or decrease in current), while the

phase remains relatively unchanged. Therefore, the conclusion
obtained of Section II-C is universal.
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