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Abstract— The stability of grid-forming (GFM) inverter-based
resources (IBRs) is typically analyzed under the assumption that
they are supplied by batteries or ideal DC sources, without
accounting for variations in the DC link voltage. This paper
contributes to small-signal stability analysis of photovoltaic (PV)
parks operating in a two-stage GFM configuration: reserve grid-
forming mode (R-GFM), which provides power reserves, and
limited grid-forming mode (L-GFM), which delivers the
maximum available power. A transition strategy between these
modes is adopted and validated. Numerical simulations are
conducted in EMTP® on a PV park connected to a weak grid
under both standard and low irradiance conditions, comparing
the two-stage GFM operation to the standard grid-following
(GFL) control. Results show that the PV park preserves system
stability in GFM modes, whereas instability occurs under GFL
operation.

Keywords— Grid-following, grid-forming, impedance-based
stability assessment, photovoltaic.

I. INTRODUCTION

Power systems are undergoing significant transformation as
an increasing share of generation comes from inverter-based
resources (IBRs), e.g., solar and wind. This transition reduces
the presence of conventional synchronous machines, which
traditionally provide inertia. Consequently, modern grids have
become more sensitive to disturbances. While IBRs typically
operate in grid-following (GFL) mode to synchronize with and
support grid power and frequency, grid-forming (GFM) IBRs
offer a promising alternative, particularly in microgrids and
autonomous systems where both control schemes coexist [1].

Various strategies have been developed for GFM control,
including droop, virtual synchronous machine, matching, and
virtual oscillator control, each offering distinct advantages and
trade-offs [2]. Comparative stability analyses of these
approaches have been widely discussed in the literature [2].
However, most studies assume that the inverter is connected to
an ideal DC source [2][3]. While such assumption simplifies the
analysis, it neglects the dynamics of real energy sources, e.g.,
irradiance variations. Renewable energy sources are inherently
non-dispatchable, meaning their power output depends on
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environmental conditions. This introduces challenges for
maintaining system stability and providing ancillary services.
To address these challenges, two main solutions have been
proposed: (1) Energy storage or load shedding when the PV park
operates below its maximum power point (MPP) [4]; (2) Two-
stage GFM control [4], comprising reserve GFM mode
(R-GFM) and limited GFM mode (L-GFM). In the R-GFM
mode, the inverter maintains a power reserve, enabling fast
frequency response and inertia-like behavior. Conversely, in the
L-GFM mode, the PV park operates at its MPP, leaving no
reserve for voltage or frequency regulation.

A. Research Motivation

Despite the growing interest in GFM control, the stability of
PV parks operating under realistic conditions, such as
fluctuating irradiance and DC link voltage variations remains
insufficiently explored. Existing studies largely neglect these
dynamics, limiting their applicability to real-world scenarios.
This gap is critical because weak grids and microgrids with high
PV penetration are increasingly common, and their reliable
operation depends on robust stability under varying conditions.

B. Contribution

This paper addresses the small-signal stability analysis of a
PV park operating in a new two-stage GFM configuration. A
transition strategy between the R-GFM and L-GFM modes is
implemented in EMTP® [5]. The functionality of the
architecture is compared to a PV park connected to a weak grid
and operating in GFL mode under two different irradiance
conditions. Time-domain simulations and impedance-based
stability assessment (IBSA) methods are employed to validate
the system’s performance.

The rest of this paper is organized as follows: Section II
introduces the two-stage GFM approach and details its
implementation in EMTP®. Section III presents the simulation
results and discusses their implications. Section IV concludes
the paper and outlines potential directions for future work.

II. TwWO-STAGE GFM CONTROL SCHEME

The two-stage GFM control scheme builds upon the generic
method presented in [6]. To achieve this, a DC-DC converter is



integrated into the original PV park converter controller to
regulate the DC-link voltage in both R-GFM and L-GFM
modes [4]. Fig. 1 illustrates the implementation of the power
components and controller of PV parks in EMTP®. Additionally,
a transition mechanism is incorporated to enable smooth
switching between R-GFM and L-GFM modes under varying
operating conditions.
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Fig. 1. PV park and PV converter controller designed in EMTP®.

A. Droop Control Structure
The original droop control equation is expressed as:

m:m()_i_kf(Pre'_Pact) (1)

V= Vier + kv(Qref - Qact) (2)

where ® and ©,, denote actual and nominal angular frequency
(rad/s), P, is the reference active power, P, is the measured
active power, v and v, are the voltage sent to the inner
controller and nominal reference voltage, Q and Q,,, denotes
the measured and reference reactive power, and &, and k, are
droop coefficients for frequency-power and voltage-reactive

power sensitivity.

In the R-GFM mode, the frequency follows the same droop
characteristics as a synchronous machine, allowing the
converter to emulate its inertia and frequency response.
However, in L-GFM, an additional frequency correction term
Am is introduced in the droop equation. The correction term is
derived from the deviation between the measured DC-link

voltage v, and its reference V:fcj through a PI controller [4].

The correction mechanism is activated only when the system
operates in L-GFM mode; otherwise, the inverter adheres to the
original droop control equation.

0= o (g ok 24 Jra )

where k » and k; are the coefficients of PI controller.

B. DC-DC Converter and Controller Structure

The PV arrays in the park are interfaced with the DC-link
through a boost DC-DC converter. Fig. 2 illustrates the control
scheme architecture. Fig. 3 illustrates P-V characteristics of the
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two-stage PV system operating under different grid-forming
modes.

In the R-GFM mode, the DC-DC converter regulates the DC-
link voltage to balance power flow between the PV array and the
inverter. Unlike conventional MPP operation, the PV array is
intentionally operated above its MPP voltage, reducing the
extracted power and creating a power reserve. This reserve
allows the inverter to increase or decrease its active power
output in response to grid frequency deviations, emulating the
inertial and frequency response of synchronous machines.

R-GFM
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Fig. 2. The schematic of the DC-DC controller of PV park.
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Fig. 3. P-V characteristics of the two-stage PV system operating under different
grid-forming modes.

In the L-GFM mode, the MPPT algorithm continuously
calculates the optimal PV voltage, v,y that corresponds to the
maximum power point under current irradiance and temperature

conditions. This value serves as the reference voltage for the PV

array in the L-GFM mode. The PI controller compares the

reference PV voltage from the MPPT algorithm, V%fp to the

measured PV voltage, v, . The error signal is processed by the

PI controller to generate the duty cycle D for the boost DC-DC
converter:

1
D =(k,p +kip ;) (V%}’P —Vpy ) 4)
where k,p and k;p, are the coefficients of PI controller.

C. Mode Transition Strategy

The transition between the R-GFM and L-GFM modes is
governed by the DC-link voltage and system frequency
deviation. Fig. 4 illustrates the flowchart of this process. Under
normal operating conditions, the PV park functions in the
R-GFM mode, maintaining a power reserve for grid support.



When a significant disturbance occurs, the inverter demands
more power than the PV array can supply, causing the DC-link
voltage to drop. If the voltage falls below a predefined threshold

min

Vge ,the controller switches to the L-GFM mode. In this mode,

the DC-DC boost converter activates MPPT control to extract
the maximum available PV power. Once the operating point
returns within the PV capacity and the frequency deviation is
eliminated, the system transitions smoothly back to the R-GFM
mode.

Start from
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Mode = L-GFM
& -
activation of MPPT

Fig. 4. Mode transition strategy flowchart.

III. SIMULATIONS AND RESULTS

Fig. 5 illustrates the test circuit developed to evaluate the
two-stage GFM control scheme and its impact on system
stability. The system consists of two PV park connected to an
ideal voltage source through two parallel transmission lines,
each 50 km in length, modeled using constant-parameter
representation. Only one is active during each simulation. The
ideal voltage source is equipped with a series RL impedance to
emulate the Thevenin equivalent of the grid. Each PV park has
a rated capacity of 75 MVA under standard test conditions
(irradiance of 1000 W/m? and temperature of 25 °C). PV_Park1
can operate in L-GFM or R-GFM, whereas PV_Park2 operates
in GFL mode [7]. The grid strength is characterized by a short-
circuit ratio (SCR) of 2.5, indicating a weak grid scenario.

PV_Park1

PV_Panell

BUS1

PV_Park2

Fig. 5. Test case circuit includes the PV_Park1 working in either L-GFM or R-
GFM mode, and PV_Park2 working in GFL mode.

A. Dynamic Behavior of the GFM Inverter

This case study evaluates the mode transition capability of
PV_Parkl under varying irradiance conditions. At time ¢ =4s
the irradiance begins to decrease from 1000 W/m? to 750 W/m?
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at ¢ =35s. It then remains constant until # =20s. Afterward, it
ramps back to its initial value over 1 s. The irradiance profile is
shown in Fig. 6.(a).

The simulation starts in R-GFM mode. Initially, the PV park
delivers 60 MW (Fig. 6.(b)). As irradiance decreases, the
available power drops to approximately 44 MW. During this
reduction, the output power remains constant because the
available power exceeds the reference setpoint. However, the
DC-link voltage exhibits a gradual decline, as the MPP voltage
decreases with irradiance. When the DC-link voltage reaches its

threshold (e.g., v/}" =0.95v,,), a mode transition occurs, and

the L-GFM mode is activated. At this point, the frequency
correction term becomes active, restoring the DC-link voltage to
its nominal value (Fig. 6.(c)). When irradiance ramps back to
1000 W/m?, the available power increases, causing the
frequency deviation to gradually return to zero (Fig. 6. (d)). This
enables a smooth transition back to the R-GFM mode.
Thereafter, the power output stabilizes at its reference value of
60 MW (Fig. 6. (b)).
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Fig. 6. Simulation results of PV_Parkl and its transition between R-GFM and
L-GFM modes

B. Stability Comparison Between GFM and GFL Modes

In this test, the irradiance is initially set to 500 W/m? to
represent a low-generation condition. Grid stability is then
compared in GFM and GFL modes. A disturbance is introduced
by disconnecting transmission line TLM_2 in Fig. 5 at £ =14s,



further reducing grid strength. The simulation runs for 20 s with
a time step of 25 us in EMTP®.

Fig. 7 compares the PV system’s output current and power for
three modes: L-GFM (blue) and R-GFM (red) using PV_Parkl,
and GFL using PV_Park2 GFL (green). The results indicate that
the PV park operating under the two-stage GFM scheme
remains stable in both L-GFM and R-GFM modes following
the disturbance. In contrast, when operating in GFL mode,
oscillations of approximately 40 Hz appear in the output power.
Similar oscillations are observed in the output current,
confirming the reduced stability margin in GFL mode. Fig. 8
presents the fast Fourier transform (FFT) analysis of the PV
park current, revealing two additional frequency components
around 20 Hz and 100 Hz besides the fundamental frequency.
The super-synchronous component near 100 Hz exhibits a
higher magnitude than the sub-synchronous component at 20
Hz, indicating a control interaction instability at high
frequency. The sub-synchronous component is attributed to the
mirror frequency phenomenon [8§].
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Fig. 7. PV park output at Bus 1 for three operating modes
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Fig. 8. Frequency spectrum of the output current of PV_Park?2.

C. Stability Assessment Using IBSA Method

The stability of different inverter configurations can be
evaluated in the frequency domain [9]. IBSA provides a
systematic approach to characterize inverter-grid interactions
across a wide frequency range, identifying potential resonances
and passivity violations. The first comparison is performed
between GFL and L-GFM modes. Fig. 9 illustrates the positive
sequence impedance scans for both systems. In the GFL case
(Fig. 9.(a)), the resistance exhibits negative values at low
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frequencies, indicating potential instability. Contrastingly, the
L-GFM case (Fig. 9.(b)) maintains positive resistance over most
of the frequency range, with only a small negative resistance
region near the fundamental frequency. The L-GFM controller
demonstrates a broader region of positive resistance compared
to GFL, highlighting its ability to enhance small-signal stability
by mitigating negative resistance effects. It is also important to
note that impedance magnitudes in GFL and L-GFM modes
differ significantly, which is typically assumed in stability
analysis.
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Fig. 9. Comparison of positive-sequence impedance of PV park

System stability can be evaluated using the reactance
crossover criterion (RCC), applied to the positive sequence
impedance obtained from frequency scanning [9]. The criterion
of instability is given by:

w0,

Ry () T
f:fc

®)

where Ry is the combined resistance, representing the sum of
the resistances of the IBR and the grid, Xy is the combined

reactance, corresponding to the sum of the reactances of the IBR
and the grid, and f, is the frequency at which the combined

reactance crosses zero. Fig. 10 shows the positive sequence
combined impedance of the PV park and the grid in GFL mode.
Notice that the combined reactance crosses zero three times, at
14.3 Hz, 21 Hz, and 100 Hz. The instability occurs at around
100 Hz when applying the RCC, which is consistent with the
FFT results presented in Fig. 8.

Fig. 11 illustrates the positive-sequence combined impedance of
the PV park and the grid in L-GFM mode. One can see that the
combined reactance also crosses zero three times, at 14 Hz,
64 Hz, and 65.5 Hz. For these three frequencies, the system
satisfies the RCC condition and remains stable. Fig. 12
compares the impedances of the PV park in R-GFM and L-GFM
modes. One can see that both modes exhibit similar impedance
profiles. Beyond the fundamental frequency, the impedance
responses are nearly identical, implying similar small-signal
stability margins. Near the fundamental frequency, the
differences indicate that the L-GFM mode is more prone to
instability. The resistance decreases close to the fundamental
frequency in both cases; however, the L-GFM mode exhibits a
more significant negative resistance region. Moreover, the



reactance of the L-GFM mode shows additional zero-crossings
near the fundamental frequency, with three crossings compared
to only one in the R-GFM mode. According to the RCC, this
behavior increases the risk of resonance interactions when
connected to the grid, particularly under strong grid conditions
where the grid reactance is relatively low.

In this example, the PV park operating in the GFM mode
exhibits superior stability performance. However, when
operating in the L-GFM mode, the system becomes more prone
to instability than in the R-GFM mode.
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Fig. 10. Positive sequence combined impedance scan of grid and PV park in
GFL mode.
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Fig. 11. Positive sequence combined impedance scan of grid and PV park in
L-GFM mode.
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Fig. 12. Comparison of the PV impedance scan between L-GFM and R-GFM
modes

IV. CONCLUSION

This paper investigated the stability of PV parks operating
under two-stage GFM and single-stage GFL modes using time-
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domain simulations and impedance-based stability analysis.
Numerical simulations illustrates that the GFL controller
exhibits negative resistance at low frequencies and becomes
unstable under weak grid conditions, whereas the two-stage
GFM controller maintains positive resistance.

Among GFM configurations, the overall impedance
behavior is similar; however, near the fundamental frequency,
the L-GFM mode shows a stronger negative resistance
component and additional reactance zero-crossings, indicating a
higher risk of small-signal instability compared to the R-GFM
mode. The study confirms that the two-stage GFM approach can
significantly enhance system stability, even when operating
below the maximum power point, by leveraging control
strategies rather than costly battery storage solutions. This
enables grid-forming functionality while improving stability
under weak grid conditions.

Future work will focus on extending this concept to larger
multi-IBR networks and quantitatively evaluating the trade-off
between power reserve allocation and energy production under
realistic PV and grid operating conditions.
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