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Abstract—The rapid and sustained advancement of
photovoltaic (PV) power generation technology has intro-
duced significant challenges to the power grid operation,
including reduced grid strength and poor damping, there-
by causing occurrence of harmonic resonance and potential
instability. Conventional stability assessments of PV in-
verters often overlook critical factors—such as DC-side
voltage control and operating mode variations—which
arise from the characteristics of the connected PV array.
Consequently, these assessments yield inaccurate stability
assessments, particularly under weak grid conditions. This
study addresses this issue by integrating the characteristics
of PV output and DC-side power control into small-signal
models while accounting for different control modes, such
as constant current (CC), constant voltage (CV), and
maximum power point tracking (MPPT). Initially, the
study integrates the inverter’s output control, LCL filter,
and characteristics of the grid to develop a comprehensive
framework for the entire PV system. Subsequently, the
study uses amplitude and phase stability margins to evalu-
ate how DC-side operating modes, the short-circuit ratio
(SCR) of the power grid, and inverter controller parame-
ters influence the system stability. Finally, the accuracy and
stability of the model are validated through simulations
and a 20-kW three-level prototype PV inverter.

Index Terms—Inverters, photovoltaic systems, stability
analysis, PV panel characteristics, DC voltage control.
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1. INTRODUCTION

he global energy landscape is experiencing a swift

transition, driven by an unprecedented rise in re-
newable electricity generation. Forecasts indicate that
by 2026, renewables will comprise nearly 95% of the
global power capacity expansion, with solar photovol-
taics (PVs) alone contributing over half of this growth
[1]. In this evolving landscape, grid-connected inverters
are vital interfaces between renewable energy sources
and power systems, facilitating efficient energy con-
version. Renowned for their high efficiency, swift re-
sponse, and flexible control, these inverters are in-
creasingly replacing traditional power sources [2]. Po-
sitioned near low and medium-voltage distribution
networks, they help alleviate electricity consumption
pressures, enhance power quality at the grid’s edge,
strengthen disaster resilience, and ensure dependable
power for critical consumers [3].

Nonetheless, the large-scale deployment of inverters
in parallel configurations imparts weak-grid character-
istics into the power system [4], giving rise to complex
phenomena, such as harmonic resonance [3], voltage
irregularities [5], and frequency fluctuations [6]. These
disturbances often lead to wind and PV curtailment, and
in more severe cases, contribute to grid failures. These
challenges, in turn, diminish the overall socio-economic
benefits of renewable energy generation [7]. Primarily,
the large-scale parallel operation of inverters transforms
the power grid into a higher-order, time-varying com-
plex network, increasing the risk of coupled resonances
among multiple inverters and harmonic amplification
due to interactions between grid impedance and re-
newable energy generation systems [3]. Additionally, a
higher penetration level of renewable energy inverters
elevates the equivalent impedance perceived by each
unit. This phenomenon is particularly exacerbated in
remote or rural areas due to long transmission distances
and multi-stage voltage transformation stages, which
weaken the connections with external grids and result in
weak grid characteristics. Consequently, the stability
margin of grid-connected inverters with current-source
control is reduced, resulting in amplified low-frequency
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harmonics in output current and potential instability
under extreme conditions [8]. Additionally, the inherent
output characteristics of PV arrays necessitate diverse
inverter topologies in grid-connected inverters. To
maximize the utilization of generated solar power, these
inverters may operate under varying control modes,
thereby adding complexity to the PV system stability [9].

Various techniques have been proposed for modeling
and analyzing the stability of grid-connected converters
and their associated systems. While the state-space
approach primarily addresses the stability of converter
control, its application to distributed systems necessi-
tates accounting for factors such as phase-locked loop
(PLL) control and grid impedance, thereby complicat-
ing the stability analysis [10]. Alternatively, the im-
pedance-based method—originally proposed by R.D.
Middlebrook for assessing the stability of DC-DC
converters—has been adapted to evaluate the interac-
tion stability between converters and power grids [11].
This approach models the converter and power grid as
in-dependent subsystems using Thevenin or Norton
equivalent circuits to capture their external behaviors.
Subsequently, open-loop Bode plots or Nyquist criteria
are utilized to assess the interactional stability between
these subsystems [12]. Building upon this foundation,
harmonic linearization using positive- and nega-
tive-sequence impedances has gained prominence for its
clear physical interpretation. Additionally, impedance
can be directly measured through simulations or ex-
perimental setups to validate model accuracy [13], [14].
However, due to asymmetries in DC-side voltage reg-
ulation, PLLs, and coordinate transformations,
grid-connected inverters exhibit significant nonlinear
characteristics that lead to frequency coupling phe-
nomena, thereby adversely affecting system-level sta-
bility [15], [16]. In [17], a two-stage PV grid-connected
inverter is analyzed, wherein the front-end and back-end
stages are modeled separately, without providing an
integrated small-signal model, thereby limiting com-
prehensive analysis of the overall system stability.

To achieve accurate stability analysis and elucidate
the effect of frequency coupling on inverter stability, in
[18]-[19], PLL control is integrated into the positive
and negative sequence impedance matrices for
grid-connected inverters, thereby improving model
accuracy. In [18], it is shown that under weak grid
conditions, the PLL’s negative impedance characteris-
tics interact with grid impedance, potentially affecting
inverter stability due to low-order voltage harmonics. In
[20], an adaptive method for controlling PLL
band-width is proposed, which reduces the bandwidth
as grid impedance increases to preserve system stability.
The influence of DC-side voltage control loops was
further considered in the derivation of sequence im-
pedance matrices [21]—[23]. In [21], the impact of var-
ious current controllers on system stability is examined,

however, it did not explore the effects of voltage loop
control on system stability. In [22], the role of DC-side
voltage loop control in shaping the frequency coupling
characteristics within the system is analyzed. In [23],
the generalized Nyquist criterion is further utilized to
emphasize the importance of DC-side voltage control
for the stability of grid-connected converters. However,
these modeling and analysis techniques rely on
strong-grid assumptions and fail to address the impact
of DC-side voltage control on stability under weak-grid
conditions.

This study investigates and establishes a small-signal
model for a single-stage grid-connected PV inverter,
with integrated DC-side voltage regulation. The model
incorporates various DC-side operating modes deter-
mined by the characteristics of the PV module. Subse-
quently, the impacts of short-circuit ratio (SCR),
DC-side operating modes, and variations in regulator
parameters on system stability are analyzed. To validate
the proposed model and its dynamic analysis, a 20-kW
experimental and simulation platform for the PV in-
verter is established. The main contributions of this
study are outlined as follows:

1) A small-signal model for a single-stage PV
grid-connected inverter is developed, incorporating
DC-side voltage control. This study analyzes how var-
iations in regulator parameter gains within both the DC
voltage and AC current control loops affect system
stability, particularly under weak grid conditions.

2) Based on the characteristics of the PV array, the
inverter’s DC-side control is designed to support
multiple operating modes, including constant voltage
(CV) mode, constant current (CC) mode, and maximum
power point tracking (MPPT) mode that operates
between CV and CC modes—based on the PV array
characteristics. This paper investigates system stability
across different operating modes under weak grid
conditions.

3) Experimental results and simulations are performed
to validate the proposed model with integrated DC-side
control and to confirm its stability under diverse operating
modes.

II. MODELLING OF GRID-CONNECTED PV INVERTER
WITH DC CONTROL

A. Structure and Working Principle of PV Inverter

The architecture of string PV inverters typically
adopts a transformerless three-level topology, as shown
in Fig. 1 [3], [24]. A T-type configuration for the
three-phase bridges features a shared DC bus with bus

capacitors C,  , creating equal positive and negative

capacitances. The midpoint of this configuration con-
nects to the inverter’s neutral point. The AC output
comprises three phases—A, B, and C—filtered through
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an LCL-type configuration to suppress switching fre-
quency harmonics and preserve the integrity of the
waveform. This filter comprises the inverter-side in-

ductor L, the filter capacitors C,/C,, and the grid-side

inductor L, . Connecting the midpoint of C, to the DC

bus midpoint reduces the common-mode current in the
output [24]. The inverter’s output, termed as the point of
common coupling (PCC), connects to the grid, modeled

as an ideal AC voltage source E, in series with grid
impedance Z, . For protection and control, the AC
current sampling point 7, 4, is positioned at the in-

verter-side output. Due to the low inductance of in-
ductor L, and the control-oriented decoupling of the
LCL filter into an L-type filter, the AC voltage sampling
point v, .., 18 placed at the filter capacitor.
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Fig. 1. Hardware structure of grid-connected PV inverter.

The control strategy for the grid-connected PV in-
verter comprises two main objectives: regulating the
DC-side voltage and controlling the AC-side current, as
depicted in Fig. 1. The MPPT algorithm is tasked with

calculating the DC-side voltage reference, v, s, by
evaluating both real-time and historical power data. The
DC voltage control loop utilizes v,, ., as a reference
point, comparing it with the actual sampled voltage,
(v, )- A proportional-integral (PI) regulator, PI,(R,,),
then regulates the error to generate the AC current ref-
erences, i, and i, within the rotating dg frame.
Simultaneously, the AC current control loop references

i, and i, comparing them with the rotationally

rq?
transformed inverter-side inductor currents, 7, , and
i, ,- The resulting feedback from these currents in-

forms the output of a second PI regulator, PL,(R,,),

which generates the control signals i, and i

to

co_g
ensure precise current tracking. Before the pulse width
modulation (PWM) signal synthesis, the dg frame ca-
pacitor voltages, v, , and v, ,, are combined with the

PI, controller outputs, i , and i

o d - The resulting
signals then undergo an inverse rotational transfor-
mation to yield the PWM inputs. The requisite phase
information for these transformations is obtained via a

PLL synchronized to the grid voltage, v¢, ., » €nsuring

synchronization with the grid’s voltage waveform [25].

B. Small-signal Modeling of PV Inverter

The small-signal model of the grid-connected in-
verter is defined in the rotating dg domain and com-
prises three components: the control plant, the power
control, and the output control, as illustrated in Fig. 2.
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Fig. 2. Diagram of framework of the overall system model.

The corresponding mathematical formulations for
each component are shown in (1), (2), and (3). The
regions above and below the dashed line in the figure
highlight distinct control modes, which are further ex-
plained below.
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1) Control plant part. This segment comprises the
LCL filter and the grid. It receives input variations in the

grid voltage amplitude, AE,, , grid frequency, Aw,,

inverter output voltage, AV,

img» and inverter fre-

quency, Aw,. The outputs are the inverter’s control
AV, AV, and Al

Li(dq)° Cl(dg)?* O(dq)*
The corresponding small-signal block diagram of this
section is shown in Fig. 2 [14], where Z,,, Y., Z

and Z, represent the impedances of components L, , C,
L,, and L,

Fig. 2 represent the steady-state operating points of the
corresponding parameters in Fig. 1; each parameter
preceded by a “A” symbol is a small signal increment
based on steady-state operating points. The steady-state
current amplitudes on the grid side and the inverter side

are respectively denoted as [, ,, 1, ,and I, ,, I, ,,

state variables: Al ,

L1>

L2»

, respectively. The capitalized variables in

while V., ,and V,, , represent the steady-state voltages

Ist AP, to Power (‘,’L' ,,,,,,,, E ],{U(,‘p:r‘tl‘,)
order |« AV, |« Calc Vi 4
LPF | |Eqs.(6)(7)| | Eq.(5) ' ?ﬂ“%.% /Y, Pg—ﬁﬂ(%ﬁ) A
3 ry k
-
AVeyiap TAV;-HJ‘H | U_H,Ll‘ |V;| uC Iy, i(,f +1 )| - Aa)
AVI.I(:.'Q] AV( 1(dg) A(ul _A(*’)g g_,,

across the filter capacitors. The segment’s input-output
relationship is defined as follows:
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In equation (4) M represents submatrix of G, and

GLCZ .

2) Power control part. This segment regulates the in-
verter’s output power using a combination of the MPPT
algorithm and DC-side voltage control mechanisms. The
MPPT algorithm determines the voltage at the MPP,
denoted as V,,,. However, due to the MPPT’s mul-

ti-second operational cycle and step-like linearization,
the algorithm’s detailed behavior is excluded from the
analysis presented in this study. The core assumption in
this segment’s modeling is the instantaneous power
equivalence between the AC and DC sides.

The instantaneous energy exchange in the invert-
er-side inductor L, is considered negligible. Assuming

ideal power devices with no losses, the active powers on
the AC and DC sides are deemed to be instantaneously
equal. The small-signal representation of the AC-side’s
instantaneous active power is modeled by the “Power
Calc” block—presented in Fig. 2 and Eq. (5)—which
supports the AC-to-DC power conversion process. To
mitigate measurement noise and limit the bandwidth of
the DC voltage control loop, a first-order low-pass filter
is applied, thereby augmenting the stability of the du-
al-loop control architecture.

Assuming a negligible instantaneous energy ex-
change in the inverter-side inductor L, , and ignoring

power device losses, the active powers on the AC and
DC sides are considered instantaneously equiva-
lent—an assumption reflected in the small-signal model
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by (5). As shown in Fig. 2, the “Power Calc” block is a
conceptual element used to map the transformation of
AC power to its DC equivalent within the model
framework. To suppress measurement noise and shape
the control loop bandwidth, a first-order low-pass filter
is applied to the DC voltage feedback, thereby en-
hancing the stability of the dual-loop control system.

AV

Cl(dg)[24]

Af;c::;/z[lLLd quq 00 Vch Vch] AIO(dq)[le]
Al

L1(dg)[2x1]
6]

In Fig. 2, the AP, to AV, block does not exist in
actual control systems. However, this study introduces
it to translate variations in the AC output power, AP

into corresponding changes in the DC voltage, AV, .

This approach enables a more effective analysis of the
system’s behavior under various DC-side operating
conditions with the PV panel. As illustrated in Fig. 3,
the PV panel’s output characteristics are segmented into
three regions [26], [27].
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Fig. 3. Three sections of the V-I curve of PV panels.

CC section. The derivative d//dV, representing the
slope of the I-V curve, approaches zero in the CC, in-
dicating that the current remains relatively stable, while
the voltage increases gradually. A slope threshold

of|d//dV|<1is applied, corresponding to approximately

0.64 of the open-circuit voltage (AV, ). In this scenario,
DC-side control is inactive, and instantaneous power
analysis is not required.

CV section. The voltage remains nearly stable, while
the current fluctuates rapidly, causing the slope to ap-
proach negative infinity due to rapid changes in current
values. This area is defined by large absolute

slopes |dI/dV|25 , corresponding approximately to
0.88Voc. The small-signal expression of AP, with re-
spect to AV, under this condition is presented in (6).
NL section. This section marks the transition between
CC and CV regions. In proximity to AV, , the PV

panel exhibits non-linear behavior, with characteristics
intermediate to those of the CV and CC sections.

AR ==V Aoy +1og AV = 104 AV =V SC AV (6)

The proposed model also effectively analyzes sce-
narios in which the inverter operates in resistive recti-
fication (RR) mode. Specifically, when the DC side is
purely resistive and the AC side is supplying energy, the
small-signal relationship between AP, and AV, for

this condition is formulated as follows:

V. AV,
APdc :2% - VchCchVdc = 2'IOchVdc - VchCchI/dc

(7)
In both CC and RR modes, the DC voltage reference

from the MPPT, AV, is compared with the current

c_ref °
DC voltage, AV, , to generate the rotating d-axis output
current reference, Al ., through the DC voltage PI,

regulator. To ensure a unit power factor, the rotating
g-axis reference current is set to zero. In contrast, in CV
mode, where DC voltage control is not applied, the
active power reference is directly specified, and the
output current reference is calculated using a coefficient,

as follows:
r T

[Llfd 0
I,, 0
G — _3/2RPII 1 0 0
CP1[2X6] 1 + STLPZ kchOdc - SCdc Vdc 0 0 ’
VC]JI 0
Very 0] (®)

ki

Gerfa) = —[ 5/3",%1'_;}
0

3) Output control part. This section regulates the in-
verter’s output current, typically using a PI regulator,
PI, for current control on the inverter side, as shown in
Fig. 2 [25]. However, the current control is dependent
on the rotating frame of the feedback variables, with the
rotational transformation influenced by the grid voltage
and the PLL. Consequently, the effects of both the PLL
and rotational transformation must be incorporated into
the model [28]. By linearizing the PLL [19], [20], the
transfer function, G, (s), is derived, representing the

relationship between the g-axis voltage and the PLL’s
output phase angle, as given by

AO = [0 G ]A VCl(dq)[le] 9)

The small-signal relationship between the input and
output of this segment is expressed in (10), where Kpwwm
denotes the PWM gain of the inverter, which scales the
inverter’s output control signal to the actual output
voltage of the inverter bridge. When variable gain con-
trol is used, this gain becomes unitary [3]. Additionally,
it incorporates delays inherent in the inverter control
process, including computational, carrier loading, and
carrier effectiveness delays.
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C. Model in dq Domain and Positive-negative Sequence
Domain

The small-signal model of the PV inverter system is
developed by integrating the previously discussed three
parts and resolving their input-output relationships. By
combining (1), (2), and (3), a simplified expression is
obtained, as follows:

AV,

Cl(dg)[2x1] AVdcref Aa)g
Al owg2x1] |~ TMI[M] Afsz - TMZ[M] AE o(dq)[2x1]
Al g(dg

L1(dg)[2x1]

an
where T,;, denotes the transfer matrix that relates the DC
voltage or power reference to the inverter’s state varia-
bles (Al Alg, ,4-and Al ), and T, implies the

L1 _dgq>
transfer matrix that links the grid voltage and frequency
to the inverter’s state variables. The transfer matrices

T,,, and T,,, are comprehensively presented in Appen-

dix A. For instance, the conductance matrix of the in-
verter, representing the current-to-voltage ratio at its
output, is expressed as follows:

o e s Pl e
A, | 4| AE, | | Y, Y, | AE,

Tyor)32) Taaggo 3:3) { AEgd}

AEE‘]

TM2[6><3] (4,2) TM2[6X3] (4,3)

The indices (i, j—following the matrix notation—
represent the elements located in the ith row and jth
column within the matrix. Following the approach out-
lined in [20], the transfer matrices in the dg domain can
be converted into the positive-negative sequence domain.

III. STABILITY ANALYSIS OF GRID-CONNECTED
SYSTEM

The inverter’s output impedance, crucial for the sta-
bility analysis of the grid-connected system, is derived
from the model presented in Section II. The system’s
parameters, aligned with the simulations and experi-
mental setups outlined in Section IV, are listed in Table I.

TABLEI
MAIN HARDWARE PARAMETERS OF PV INVERTER
Symbol Parameter Value Symbol Parameter ~ Value
Rated
P (kVA V. (V
( ) Rated power  20.0 (V) voltage 400.0
. Grid fre- Switching
kH.
fi(H2) quency 500 | o (cH2) frequency 200
Inv-side Filter
L, (mH) inductor 092 G (uF) capacitor 33
Grid-side Filter
L, (mH) inductor 0.06 € (ub) capacitor 12.0

inv_g )GPLL
0 1+ (]LldePl2 - Vch + V;nvid )GPLL

00 O 0 R 0
00 —Ry, 0 | Gc12[3x2] =Kpwu l: 82 O:| (10)
00 0 -R,

A. PV Inverter Operation Modes and Their Comparison

The I-V curve of the PV panel is divided into three
distinct regions—CC, CV, and non-linear sec-
tions—described in Section II.

The output impedance of grid-connected PV inverters
varies due to the fluctuations in DC-side voltages
caused by the MPPT algorithm, causing it to oscillate
between the impedance characteristics of the CV and
CC modes. The inverter’s positive and negative se-
quence output impedance in these modes is illustrated in
Fig. 4. The actual output impedance of the PV inverter,
though influenced by varying characteristics at different
DC-side voltages, can be approximated by the median
of the CV and CC mode impedances.

——— Operating at CV mode
~ 060

Operating at CC mode
60

= — 2
2 40 4\& P -
T 20f _&l El 20;’\ 1
g " V| & ° EE'
= =20 S y 20 y!
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200 200 _
~ 0 — = 1
5-200 /; Z PO %,,-ur'
£ 400 g AT
= =-200
Fe00| |
—800 S , —400 3 1
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Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 4. Positive and negative sequence impedance of two modes.
(a) Positive sequence impedance. (b) Negative sequence im-
pedance.

A comparison of the DC-side CV and CC modes,
along with the sequence impedances shown in Fig. 4,
reveals the following observations:

1) Comparison of DC-side CV and CC modes. In the
mid to high-frequency ranges (above 200 Hz), the in-
verter output impedances in the CV and CC modes are
nearly identical. However, at lower frequencies (below
200 Hz), the CC mode shows a higher impedance than
the CV mode, characterized by a resistive-capacitive
phase characteristic.

2) Comparison of positive and negative sequence
impedances. The negative sequence impedance is con-
sistently higher and exhibits smoother frequency varia-
tion compared to the positive sequence impedance.
These differences largely arise from the asymmetric
control strategies of the converter—including PLL,
DC-side voltage regulation, and coordinate transfor-
mations. Despite the higher magnitude of nega-
tive-sequence impedance, stability concerns, such as
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oscillations, resonances, and instabilities, are frequently
associated with the interaction between the inverter’s
positive-sequence impedance and the grid impedance.
In practice, the stability margin of positive-sequence
impedance is generally smaller than that of nega-
tive-sequence impedance. Consequently, stability
analyses based on sequence impedance predominantly
focus on examining the positive-sequence impedance
[15]-[17].

B. Stability Under Different Short-circuit Ratios

An impedance-based stability criterion, as outlined in
[11], is employed by partitioning the system into two
subsystems: the inverter (modeled as a source) and the
grid (modeled as a load). The output impedance of the

inverter ( Z, ) and that of the grid ( Z_., ) are computed,

inv grid

and their ratio ( Z,;,/Z,

nv

) is assessed using the Nyquist

stability criterion. If this ratio satisfies Nyquist’s crite-
rion—as indicated by the Nyquist plot’s avoidance of
encircling the origin—the inverter-grid interaction re-
mains stable, thus preventing oscillations or instability.
Alternatively, on the frequency response curve, stability
can be verified by identifying intersections of the Z,

and Z,, amplitude curves and ensuring that their phase

difference does not exceed 180°. If this condition is met,
then system stability can be ensured.

Both positive and negative sequence impedances are
relevant for stability analysis; however, the positive
sequence component of the inverter output impedance
more effectively indicates the potential system instabil-
ities. Therefore, the stability investigation primarily
focuses on the positive sequence impedance.

The output impedance of the grid-connected inverter
in both CV and CC modes is compared to the grid im-
pedance, using an open-loop magnitude-phase stability
criterion. Bode plots, showing the inverter’s output
impedance across different modes and grid impedance
for various SCRs, are shown in Fig. 5.

Bode of sequence impedance and grid impedance
50 A mode T

(dB)

Magnitude

SCR from 2 to 2000

10°

Phase ()

S "
:
T - = T '_—7\‘ ¥71
s s6 =
10' 10° 10°
Frequency (Hz)

—100F

-200

Fig. 5. Bode of sequence impedance and grid impedance.

The grid impedance values are SCRs ranging from 2
to 2000, with SCR equaling 2000 chosen to simulate an
approximately ideal strong grid condition. This selec-
tion enables a more effective analysis of the inverter’s
stability evolution characteristics. Achieving such a
high SCR value is uncommon in practical power sys-
tems. The phase margin is determined by the phase
difference at the intersection point where the inverter
output impedance amplitude intersects with the grid
impedance amplitude.

The analysis reveals the following observation:

1) At high SCRs: The grid impedance is minimal,
reducing the system’s stability margin in both CV and
CC modes. The phase margin at point A in Fig. 8 is
approximately 23.3° at around 5000 Hz, which may
trigger resonance and threaten system stability.

2) As the SCR diminishes: The grid impedance es-
calates, which initially enhances the stability margin,
before causing a sharp decline. When the SCR reaches 3,
the phase margin approaches 0, signaling the stability
threshold.

3) At low SCRs: The low-frequency output imped-
ance is contrasted between CV and CC modes. In the
SCR range of 2-5, the phase margin in CV mode re-
mains below 5°, while it becomes negative in the CC
mode at point B. Within this range, the CV mode
demonstrates greater stability than the CC mode.

C. Stability with Different Regulators’ Gain

The output impedance of the inverter, considering
variations in the DC voltage and AC current loop reg-
ulators, is derived from the established model. The
influence of these parameters on the inverter’s output
impedance and system stability is then analyzed. The
design of the DC voltage loop and AC current loop
regulator parameters follows the methodologies out-
lined in [14], [29], and [30].

Variations in the proportional gain of the DC voltage
loop, Ry, -K,, from 0.5 p.u. to 2.0 p.u., affect the in-

verter’s output impedance characteristics, as shown in
Fig. 6.

Bode of pos-sequence impedance Enlarged at 10 Hz to
with different R, - K, ; 100 Hz
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Fig. 6. Bode of sequence impedance with different R, param-
eters.
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The Ry, - K, primarily influences the low-frequency
band (below 200 Hz), with minimal impact on the mid-
and high-frequency bands (above 200 Hz). An increase
in Ry, ‘K, leads to a higher inverter output impedance
amplitude and a decrease in phase within this range.

Conversely, variations in the proportional term of
the AC current loop regulator, Ry, - K, ranging from
0.5 p.u. to 4.0 p.u., affect the inverter output imped-

ance at mid- and high-frequency bands (above 200 Hz),
as illustrated in Fig. 7.

Bode of pos-sequence impedance
with different R, - K

Enlarged at 1000 Hz to
10 000 Hz

5 60 & 30
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~ e T — P
! : T
------- L 100
100 10! 10° 10
Frequency (Hz) Frequency (Hz)
e 0.5pu. Ry, K, 1.0 pu. Ry, K, 4.0 pu. Ry, - K

Fig. 7. Bode of sequence impedance with different R,, param-
eters.

The R, -K, influences the mid-frequency range

(200-1000 Hz), where an increase in Ry, - K, results in

higher impedance and a reduced phase. In the
high-frequency range, a higher R,,-K  can cause

complex variations in the inverter output impedance.
The system’s stability across various SCRs and reg-
ulator parameters is analyzed to establish a theoretical
foundation for enhancing the stability of inverter oper-
ation in environments with high renewable penetration.
The minimum phase stability margins and corre-
sponding frequencies at various SCRs (2—2000 Hz) are
shown in Fig. 8 (a) and 8(c) for Ry, - K values range

between 0.5 p.u. and 2.0 p.u. Similarly, Fig. 8(b) and (d)
shows the minimum phase stability margins and their
frequencies for Ry, - K, values ranging from 0.5 p.u. to

4.0 p.u. This analysis indicates the following observations:

1) Minimum phase margin: As the SCR decreases,
the overall phase margin of the system demonstrates a
declining decrease, though the stability margin registers
an increase within mid- to high-frequency bands. The
system attains critical stability at an SCR of 5.

2) Frequency points of minimum phase margin:
Similar to the phase margin, the frequency corre-
sponding to the minimum phase margin generally de-
creases as SCR decreases, except for an increase ob-
served within a specific frequency band.

3) DC voltage regulator PI, : The R, - K parameter

has a minimal impact on system stability when large
SCRs are used. However, its effect becomes more sig-
nificant with smaller SCRs, particularly near critical

stability thresholds, where a higher R, - K diminishes

the system’s stability margin and worsens instability.
4) AC current regulator PI, : Unlike PI,, a smaller

SCR diminishes the impact of R, - K on system sta-

1°

bility, though an increase in Ry, - K, may decrease the

stability margin. At higher SCRs, the R, - K signifi-

cantly affects system stability, leading to complex be-
havior. While a larger Ry, - K, can improve the stabil-
ity margin within certain SCR ranges, it may reduce it in
others. Nonetheless, an excessively high R, - K could

trigger harmonic resonance near the LCL filter’s cut-off
frequency, particularly in the mid-frequency range.
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Fequency (Hz)

Fig. 8. Surface of minimum phase stability margin and their
frequency. (a) The phase stability margin with R, - K varies. (b)

The phase stability margin with R,,-K varies. (c)The corre-
sponding frequencies with R, - K varies. (d) The correspond-

ing frequencies with R, - K varies.

IV. GUIDELINES FOR GRAPHICS PREPARATION
AND SUBMISSION

A. Simulation and Experimental Platform

The simulation and experimental apparatus comprise
a 20-kW T-type LCL transformerless PV inverter, fea-
turing a variable inductance configuration, as shown in
Fig. 9. An autonomous DC source supplies the DC
energy, which the inverter converts into AC. This AC
output is transmitted through a multi-scale variable
inductance designed to simulate various grid imped-
ances. The assemblage’s culmination is then connected
to a grid simulator, ensuring the maintenance of an ideal
grid voltage. The primary hardware components and
their rated parameters are listed in Table I.

.V 'V' S ‘\

Variable inductors
combinations

PV inverter
> aR\Xa
Fig. 9. Experimental platform.

B. Simulation- Frequency Sweep of Output Impedance

As shown in Figs. 10(a)—(c), the frequen-
cy-dependent output impedance of the PV inverter is
depicted under three different DC-side operating modes:
CV, CC, and RR, respectively. These modes are as-
sessed under full load and one-third load conditions.
The solid lines depict the amplitude-phase curves pre-
dicted by the model developed in this study, whereas the

dotted lines represent the amplitude-phase points ob-
tained from frequency sweep simulations.
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Fig. 10. Inverter output impedance curves for the DC side at
different operating modes. (a) CV operation mode. (b) CC oper-
ation mode. (c) RR operation mode.

1) The modeled and simulated frequency responses
show congruence from 10 Hz up to 10 kHz.
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2) A deviation at 50 Hz is observed, primarily due to
the influence of the grid’s fundamental voltage and
current components.

3) Discrepancies below 100 Hz occur in CC and RR
modes on the DC side, resulting from the modeling
assumption of equal instantaneous power on the AC and
DC sides and the omission of the instantaneous power
of the AC inductors.

4) The variations in PV panel irradiance influence the
output power of the grid-connected inverter, with higher
irradiance yielding greater output power. The output
power fluctuations primarily affect the impedance
characteristics of the grid-connected inverter in the
low-frequency range (<100 Hz), where higher irradi-
ance and output power correspond to reduced output
impedance.

These simulations substantiate the modeling ap-
proach outlined in Section II.

C. Experimental-Stability Under Different SCRs

This section validates the analysis from Section I11.B
by simulating various grid impedances using several
inductor configurations connected in series and parallel.

First, the simulation considers a scenario where the
grid SCR decreases progressively from 20 to 2.5, as
illustrated in Fig. 11(a). The grid SCR transitions se-
quentially through values of 20, 10, 5, and 2.5, showing
the corresponding inverter output current at each stage
(Figs. 11(b)—(e)). The FFT analysis of the output current
for each stage is shown in Fig. 11(f). From Fig. 11, the
following observations can be drawn:

1) In the time-domain waveforms, the inverter output
current remains smooth and stable when the SCR is 20,
10, and 5 (Figs. 11(a)—(c)). However, at an SCR of 2.5
(Fig. 11(e)), the inverter output current waveform ex-
hibits significant distortion.

2) In the frequency-domain waveform shown in
Fig. 11(f), as SCR decreases, harmonic frequencies
progressively diminish, accompanied by a slight increase
in their amplitudes. When SCR reaches 2.5, a sharp rise
in harmonic amplitude is observed around 350 Hz.
SCR:20  SCR: 10 | SCR: 5 | SCR: 2.5
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Fig. 11. Inverter output current and their FFT under different
SCRs (from 20 to 2.5). (a) Inverter output current with the grid
SCR decreases progressively from 20 to 2.5. (b) SCR equals 20.
(c) SCR equals 10. (d) SCR equals 5. (¢) SCR equals 2.5. (f) FFT
of inverter output current under different SCRs.

Next, a simulation is conducted in which the grid
SCR increases progressively from 20 to 1000, as de-
picted in Fig. 12(a). The grid SCR transitions sequen-
tially through the values 20, 100, 500, and 1000,
showing the corresponding inverter output current at
each stage (Fig. 12(b)—(e)), respectively. The FFT
analysis of the output current at each stage is presented
in Fig. 12(f). From Fig. 12, it can be observed that:

1) In the time-domain waveforms, the inverter output
current remains smooth and stable when the SCR equals
20, 100, and 500 (Fig. 12(a)—(c)). However, at an SCR
value of 1000 (Fig. 12(e)), the output current waveform
exhibits considerable resonance.

2) In the frequency-domain waveform shown in Fig.
12(f), as SCR increases, harmonic frequencies rise
gradually, with their amplitudes first decreasing and then
increasing. When SCR equals 1000, a sharp increase in
harmonic amplitude occurs at approximately 4500 Hz.

SCR: 20 SCR: 100 SCR: 500 SCR: 1000

100.(A)

0.5 (s/div)

(a)
100(A) 100-(A)
20 (A/div) =100-(A)"| |20 (A/div) =100 (A)
(b) (c)
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Fig. 12. Inverter output current and their FFT under different
SCRs (from 20 to 1000). (a) Inverter output current with the grid
SCR increases progressively from 20 to 1000. (b) SCR equals 20.
(c) SCR equals 100. (d) SCR equals 500. (e¢) SCR equals 1000. (f)
FFT of inverter output current under different SCRs.

The characteristics observed at SCR values of 40, 60,
and 80 exhibit patterns similar to those observed at SCR
equaling 20 and SCR equaling 100 cases. As a result,
their corresponding waveforms are not presented and
analyzed in Fig. 12.

These findings validate the analysis presented in
Section III.B.

D. Experimental-Stability Comparison of CV and CC

An additional analysis of the stability of the DC-side
of a PV grid-connected inverter operating in CV, MPPT,
and CC modes is conducted. The effects of varying
irradiance levels on the stability of the grid-connected
inverter are verified, as detailed in Section III.B.

During steady-state operation of the grid-connected
inverter, the SCR is switched from 20 to 3. Figure 13
illustrates the output current waveform of the
grid-connected inverter. Figures 13(a)—(c) show the
output current waveforms when the inverter operates at
full power under an irradiance level of 1000 W/m? in
CV, MPPT, and CC modes. Figure 13(d) presents the
fast Fourier transform (FFT) results for Figs. 13(a)—(c)
after the SCR is set to 3 during steady-state operation.
The right side of Figs. 13(e)—(g) shows the output cur-
rent waveforms when the inverter operates at half power
under an irradiance level of 500 W/m? in CV, MPPT,
and CC modes. Figure 13(h) depicts the FFT results for
Figs. 13(e)—(g) after the SCR is switched to 3 during
steady-state operation.

The following observations are made:

1) In CV mode, a transient distortion appears in the
inverter’s output current waveform when the grid’s
SCR decreases from 20 to 3, as shown in Fig. 13(a). The
output current stabilizes after approximately one cycle,
returning to its normal state. In contrast, under MPPT
and CC modes, a similar decrease in SCR from 20 to 3

causes substantial distortion in the inverter’s output
current waveform—which persists into steady-state
operation—as shown in Figs. 13(b) and (c). This ob-
servation indicates that, under weak grid conditions, the
stability of a grid-connected inverter is reduced in CC
and MPPT modes compared to that in CV mode.

2) When the irradiance is reduced from 1000 W/m? (full
power) to 500 W/m? (half power), a similar trend is ob-
served. As the grid SCR decreases from 20 to 3, the sta-
bility of the inverter operating in CC and MPPT modes
becomes inferior compared to its performance in CV
mode (Figs. 13(e)—(g)). This observation suggests that
under weak grid conditions, variations in irradiance (out-
put power) have a minimal impact on inverter stability.

3) Steady-state FFT analysis of the output current at
SCR equaling 3 under irradiances of 1000 W/m? and
500 W/m? indicates significant harmonic amplification
around 400 Hz in both CC and MPPT modes, with
higher harmonic amplitude observed in the CC mode. In
contrast, the harmonic amplification in this frequency
range is minimal in the CV mode.

SCR from 20 to 3 at full power SCR from 20 to 3 at half power
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Fig. 13. Inverter output current and their FFT under CC and CV
modes. (a) Inverter output current at CV mode. (b) Inverter out-
put current at MPPT mode. (c) Inverter output current at CC
mode. (d) FFT of inverter output current in (a)—(c) after SCR set
to 3. (e) Inverter output current at CV mode under half power. (f)
Inverter output current at MPPT mode under half power. (g)
Inverter output current at CC mode under half power. (h) FFT of
inverter output current in (e)—(g) after SCR set to 3.
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Therefore, these results confirm that a grid-connected
inverter operating in the CV mode offers the highest
stability under weak grid conditions, while the CC mode
exhibits the lowest stability. The MPPT mode demon-
strates intermediate stability, falling between these two
modes. These findings corroborate the analysis pre-
sented in Section III.B of this study. Additionally, alt-
hough irradiance influences the inverter’s output power,
its effect on stability under weak grid conditions is
negligible.

E. Experimental-Influence of Regulators’ Gain

The final experiment evaluates the impact of regu-
lator parameter variations on the stability of the
grid-connected inverter, as described in Sections III.C
and D of this study. Specifically, the proportional gains
Ry, K, and R, - K associated with the DC voltage

and AC current loop regulators were systematically
adjusted to examine their influence on the output cur-
rent and its FFT. Our analysis identified two critical
points of instability occurring at SCR values of 4 and
1000. The parameter adjustments for the regulators are

Changing the R, - K or Ry, - K

R,

presented in Table II.

TABLE II

PI1 AND PI2 REGULATORS’ PARAMETERS

141

Ry K, and Ry, - K, (pu.)

Figure 13 SCR
Stage I Stage II Stage III
(a), (e) 1.0/1.0 1.5/1.0 2.0/1.0 4
(b), () 1.0/1.0 1.5/1.0 20/1.0 1000
(c), (8) 1.0/1.0 1.0/2.0 1.0/2.5 4
(d), (h) 1.0/1.0 1.0/2.0 1.0/2.5 1000

The inverter operates in the CC mode, and the results
are presented in Fig. 14. Specifically, Figs. 14(a), (b),
(e), and (f) shows the influence of the PI, regulator gain

on system stability, where R, - K, is varied from 1.0

to 2.0 p.u. and then to 2.5 p.u., under SCR conditions of
4 and 1000. Similarly, Figs. 14(c), (d), (g), and (h) il-
lustrates the effect of varying PI, regulator gain on
system stability, with R,, - K varied across the same
range under identical SCR conditions. These analyses
evaluate how regulator gain adjustments influence sys-

tem stability across different SCR scenarios, leading to
the following conclusions:
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Fig. 14. Inverter output currents and their FFT with PI regulators changes: (a) Inverter output current with R, - K, varies and SCR
equals 4. (b) Inverter output current with Ry, - K varies and SCR equals 1000. (c) Inverter output current with R, - K varies and
SCR equals 4. (d) Inverter output current with Ry, - K, varies and SCR equals 1000. (¢) FFT of inverter output current in (a). (f) FFT
of inverter output current in (b). (g) FFT of inverter output current in (c). (h) FFT of inverter output current in (d).

1) Atan SCR value of 4, increasing Ry, - K, from 1.0
to 2.0 p.u. and subsequently to 2.5 p.u. causes significant

distortions in the output current. A similar effect
isobserved when Ry, - K, is increased from 1.0 to 2.0 p.u.
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and then to 2.5 p.u., yielding comparable output current
distortion. The FFT analysis, as shown in Figs. 14(e) and
(), indicates that this distortion primarily arises from the
amplification of low-frequency harmonics, with a
dominant contribution centered around the 7th har-
monic component.

At an SCR value of 1000, increasing Ry, - K, from

1.0 to 2.0 p.u. and subsequently to 2.5 p.u. does not
result in any notable changes to the output current. In
contrast, a similar increase in R,,-K, introduces

high-frequency components into the output waveform.
FFT analysis, as shown in Figs. 14(g) and (h), reveals
that these components are high-frequency harmonics,
predominantly concentrated near 5000 Hz, which is
close to the LCL filter’s cutoff frequency.

The experimental results validate the findings
presented in Sections III.C and III.D of this study. The
inverter’s low-frequency stability is affected by both
Ry, - K, (the proportional term of the DC voltage loop

regulator) and Ry, - K, (the proportional term of the AC

current loop regulator). Excessive values for either
Ry, K, or Ry, - K, will cause an amplification of
low-frequency harmonics in the output current.
Meanwhile, the stability of mid- and high-frequency
components is predominantly influenced by Ry, - K, .
An excessively large value for this parameter can induce

harmonic resonance at mid-frequencies and high
frequencies within the output current.

V. CONCLUSION

This study examines the development of a
small-signal model for a single-stage PV grid-connected
inverter, with the primary focus on incorporating
DC-side voltage control into the proposed model. This
approach accounts for the various operating modes on

the DC side that result from the PV panel characteristics.

This study further analyzes the effects of SCR, DC-side
operating mode, and variations in regulator parameters
on system stability. Finally, a 20-kW PV inverter ex-
perimental and simulation platform was developed to
validate the model and analyze system characteristics,
yielding the following conclusions:

1) This study develops a single-stage inverter model
that incorporates both DC-side characteristics and
voltage control. The model has been validated through
simulations and experiments. However, some instan-
taneous reactive power related to AC inductance was
omitted during modeling, causing minor deviations at
frequencies below 50 Hz. This deviation does not sig-
nificantly impact stability analysis for grid-connected
inverters.

2) The stability of PV grid-connected systems is sig-
nificantly influenced by the SCR at the point of con-

nection. Higher SCR values typically lead to the oc-
currence of medium- or high-frequency harmonic res-
onances in inverter output currents. However, lower
SCR values can intensify the amplification of
low-frequency harmonics.

3) An inverter’s DC-side control can function under
different modes based on the characteristics of the PV
array: CV, CC, and MPPT modes, which operate be-
tween these two modes. Among these modes, the CC
mode tends to exhibit lower stability than the CV mode,
especially under weak grid conditions with low SCR
values. Therefore, in weak grids where low-frequency
harmonic amplification or proximity to stability bound-
aries is detected in the output current, increasing the
DC-side voltage to enter the CV mode can improve
system stability. Lowering the voltage may reduce the
output power; however, it does not improve system
stability.

4) The PI regulator in the DC voltage loop primarily
governs the inverter’s low-frequency dynamic charac-
teristics, while the PI regulator in the AC current control
loop predominantly affects its mid- to high-frequency
characteristics. An increase in the DC-side voltage reg-
ulator gain tends to compromise system stability under
low-SCR conditions. Similarly, raising the gain of the
AC current regulators diminishes system stability across
both low- and high-SCR conditions. Consequently, under
weak grid conditions, indicators such as low-frequency
harmonic amplification or proximity to stability margins
in the output current suggest potential instability. In re-
sponse, simultaneously reducing the gains of both the
DC-side voltage and AC-side current regulators can ef-
fectively enhance overall system stability.

In conclusion, this study offers a detailed examina-
tion of the dynamic behavior of single-stage
grid-connected PV inverters, offering a solid theoretical
basis for enhancing their operational stability under
weak grid scenarios. While the findings present a
meaningful step toward improved inverter performance,
the analysis is confined to single-stage PV
grid-connected inverters. To build upon this foundation,
further research is needed for modeling and analyzing
the stability of two-stage inverters. Additionally, de-
veloping targeted solutions to improve stability under
weak grids—particularly through adaptive
schemes—will be the central focus of future research.

APPENDIX A
The detailed expressions of M,—M,, in (4).

Mo M Ay Wiy = AWy + Al
[2x1] = 7 " den[2x2] A, A W (A1)

[2x2]“T3[2x2]"" i2[2x1]

o (Wi T Wapa T ApaWopag +
M5[2><1] = _Mden[2><2] A A W, (AZ)
1[2x2)“72[2x2]" " 13[2x1]
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M M I'Vi1[2x1] + in}[zn] - A3[2><2] I'Viz[le] + (A3)
9[2x1] den[2x2] Ay, A W
[2x2]* T3[22]"" i1[2x1]
O A3[2><2] ng[le] - AI[ZXZ]Wg3[2xl] +
M 3] = -M dnf22]| 4 4 g (A4)
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Wg1[2><1] + Wg3[2x1] +
Ms[le] = _M;cln[ZXQ] Al[2x2]Wg2[2><1] + (AS)
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ng[le] + Wg3[2><1] -
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M4[2><2] = Md_e]n[ZXZ]Al[Zx2] (A8)
M8[2><2] = M;eln[ZXZ] (Al[zxz]Az[zxz] + I[2x2]> (A9)
M10[2x2] = M(;elrl[2x2] (A2[2><2]A3[2><2] + 1[2><2]) (Alo)
M12[2><2] = _Md_eln[2><2]1[2><2] (A1)
Moy = Appay T Ay t Apaydpa g (A12)

The detail expressions of Tm; and 7, in (11).

G

VII[3x6]

G

VP2[2x2)

+G

-1
T, :|:1_G Vl2[3><2]GVPl[2><6] ):| x (A13)

LC[6:3] (
G

VI2[3x2)

G

LC[6:3]

-1
TM = |:I - GLC1[6><3] (GV11[3><6] + GVIZ[SXZ] GVP][ZX()] ):|
G

LC2[63]

X
(Al14)
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