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Abstract

The grid integration of photovoltaic battery storage systems under weak-grid conditions
exhibits reduced stability, and abrupt switching between grid-following and grid-forming
control causes modulation discontinuities. This paper investigates an adaptive grid-
following/grid-forming fusion control method for a 500 kVA photovoltaic battery storage
case. A bounded piecewise-linear map schedules a grid-forming weight reference from
a short-circuit ratio input, and a first-order low-pass filter limits the weight change rate.
An online SCR identification framework is formulated for grid strength scheduling. In the
reported reduced-order study, the controller behavior is validated using prescribed SCR
trajectories, while the identification procedure is discussed as an implementable scheduling
mechanism. A low-order phase margin model selects boundaries of short-circuit ratio
low = 1.5, short-circuit ratio high = 7, and T,, = 0.5 s. Four event response cases—a short-
circuit ratio step, identification noise, voltage sag, and photovoltaic fluctuation—compare
adaptive fusion control with pure grid-following, pure grid-forming, and fixed-threshold
switching. A check evaluates scheduled-weight sensitivity to the short-circuit ratio input
error. In the weak-grid case, adaptive fusion control reduces point-of-common-coupling
voltage oscillation by about 70% relative to pure grid-following and reduces the peak cur-
rent impulse versus fixed-threshold switching. Under a £10% short-circuit ratio error, the
scheduled weight changes by at most 0.055.

Keywords: photovoltaic battery energy storage system; grid integration; short-circuit ratio;
grid-following control; grid-forming control; adaptive fusion; small-signal stability

1. Introduction

With the increasing share of power electronics-interfaced resources, including photo-
voltaic generation, wind power, and energy storage, power systems are experiencing reduced
inertia and damping. As a result, converter-dominated grids face more demanding stability
support requirements under weak-grid conditions, low inertia, and multiple-converter cou-
pling. A photovoltaic battery energy storage system (PV-BESS) combines renewable energy
access with fast power regulation capabilities and represents an important configuration for
improving renewable energy accommodation and grid dynamic support. Their controllers
must simultaneously address power tracking, direct current (DC)-side energy buffering,
alternating current (AC)-side voltage support, and current limiting during faults.

Energies 2026, 19, 5209

https://doi.org/10.3390/en19215209


https://crossmark.crossref.org/dialog?doi=10.3390/en19215209&domain=pdf&date_stamp=2026-11-02
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-3093-1979
https://doi.org/10.3390/en19215209

Energies 2026, 19, 5209

2 of 25

Grid-following (GFL) control obtains the grid angle through a phase-locked loop (PLL)
and regulates the grid-connected current as well as active and reactive power through a
power outer loop and a current inner loop. It has the advantages of fast power tracking and
clear current-limiting implementation. However, in weak grids with a low short-circuit ratio
(SCR), the coupling among the PLL, current loop, and grid impedance can substantially
reduce damping and may even lead to voltage, current, and power oscillations [1]. Grid-
forming (GFM) control no longer fully relies on the external grid angle. Instead, it actively
establishes the output voltage magnitude and phase through power synchronization control,
virtual synchronous machines, droop control, and related mechanisms, thereby changing
the converter from an approximately controlled current source to a controlled voltage source.
This capability can improve frequency and voltage support in weak grids and in systems
with a high proportion of power electronics equipment [2]. In high-power-electronics
power systems, grid-forming inverters are regarded as key grid-connected resources for
supporting voltage, frequency, and system inertia [3].

Aiming to combine the fast power-tracking capabilities of GFL control with the weak-
grid support capabilities of GFM control, coordinated GFL/GFM control has become an
important research direction for the grid integration of renewable energy at high pen-
etration levels. Rocabert et al. systematically reviewed droop control, voltage/current
control, and energy management methods in AC microgrids, showing that grid-connected
converters can be adjusted between current-source and voltage-source characteristics by
reconstructing the outer-loop objectives [4]. Rathnayake et al. summarized grid-forming
inverter technologies from the perspectives of modeling, control, and applications and
indicated that GFM control must simultaneously address synchronization, power shar-
ing, current limiting, and protection constraints [5]. Zhang et al. analyzed the control
strategies, stability, and engineering challenges of grid-forming converters in renewable
energy-dominated grids and emphasized the importance of voltage-source support un-
der weak-grid conditions [6]. Geng and Hiskens established a unified GFL/GFM inverter
control framework and demonstrated that the two types of control can be continuously
represented within the same mathematical structure [7]. Zhong and Weiss proposed the
synchronous converter concept, which utilizes virtual inertia and damping to enable the
inverter to simulate the dynamics of a synchronous generator, thereby providing a typical
implementation approach for GFM control [8]. Sun proposed an impedance-based stabil-
ity criterion, providing a frequency-domain tool for analyzing converter—grid impedance
interactions [9]. Cespedes and Sun developed an impedance model for voltage-source con-
verters, revealing the coupling between control loops and grid impedance [10]. Wen et al.
presented a dq small-signal impedance modeling method for three-phase grid-connected
inverters, providing a synchronous-reference-frame tool for weak-grid stability analysis [11].
Han et al. [12] analyzed hybrid-mode GFL/GFM stability across different grid strengths.
Liu et al. [13] proposed an adaptive hybrid GFL/GFM control to enhance small-signal
stability under varying SCRs, and a subsequent study [14] examined SCR-dependent
hybrid proportions and their mechanism for improving converter oscillatory stability.
Chao et al. [15] regulated the hybrid coefficient during transitions to suppress transient
currentin a VSC-HVDC application. Liao et al. [16] developed a seamless transition strategy
based on adaptive fusion between GFL and GFM inverters for wide-ranging grid strength
fluctuations using D-partition analysis. These studies have established hybrid GFL/GFM
operation, SCR-dependent adaptation, weighted modulation or controller fusion, stability
analysis incorporating the hybrid coefficient, and smooth coefficient transition as active
research directions.
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Online SCR identification for grid strength scheduling has also been investigated.
Impedance-based metrics have been proposed as alternatives to the SCR for evaluating grid
strength in converter-dominated systems [17].

In summary, existing studies have advanced GFL/GFM coordinated control from the
perspectives of microgrid control, GFM control modeling, unified control frameworks,
adaptive regulation, and impedance analysis. However, in the context of PV-BESS grid inte-
gration, three issues still require particular attention. First, a direct link between online grid
strength estimation and control weight mapping should be established to avoid chattering
near the critical SCR when fixed-threshold switching is used. Second, a small-signal analy-
sis model incorporating the fusion weight should be developed to provide a quantitative
tuning basis for selecting SCR thresholds. Third, the relationships among the rate of weight
variation, energy storage power constraints, PLL bandwidth, current-loop dynamics, and
current-limiting protection should be coordinated.

To address these issues, this paper develops a continuous GFL/GFM fusion control
method for PV-BESS grid-connected converters. The study focuses on the integration of
online SCR identification, a bounded #(SCR) map, a weight filter, and PV-BESS power
balancing for the investigated parameterized case. An online SCR identification method
based on a small reactive power perturbation is first designed to provide the grid strength
scheduling input, with sliding averaging and saturation introduced to improve disturbance
rejection. The estimated SCR is then mapped to a continuous GFM weight, which convexly
combines the GFL and GFM modulation waves and avoids abrupt control mode transitions.
An approximate small-signal open-loop transfer function model that includes the fusion
weight « is further established to clarify how GFM participation affects the phase margin
and to guide the selection of the SCR thresholds and low-pass-filter time constant. Finally,
the proposed method is verified under four operating conditions: an SCR step change,
voltage sag, PV output fluctuations, and SCR estimation errors.

The main contributions of this paper are as follows:

(1) SCRidentification for scheduling. A reactive power perturbation-based online SCR
identification framework is formulated to provide the grid strength scheduling input.
The perturbation amplitude, duration, and refresh period are specified, and the identi-
fied SCR is used as the scheduling variable for GFL/GFM weight adaptation in the
PV-BESS case.

(2) SCR-to-weight mapping. A bounded piecewise-linear GFM weight reference with case-
specific boundaries SCR;,,, = 1.5 and SCRy,,;, = 7 and slope —1/5.5 is used. The mapping
provides a continuous and bounded scheduling law for the investigated case.

(3) Parameter tuning. A low-order phase margin relation is used to guide the selection of
SCRygr SCRyigp, and T, = 0.5 s for the investigated 500 kVA case. The tuning procedure
is case-specific and complements the stability analyses above by focusing on a bounded
scheduling law and its parameter selection.

(4) Weight filtering. A first-order low-pass filter limits the rate of change of the applied
fusion weight. Its effect is evaluated as weight channel smoothing under a prescribed
SCR-input noise case.

(5) PV-BESS integration. The above components are integrated with an algebraic BESS
power buffer for a parameterized 500 kVA PV-BESS case, and four reduced-order event
response comparisons are provided. The comparisons are limited to the specified
model and disturbances.
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2. Materials and Methods
2.1. Average-Value Model of the PV-BESS Grid-Connected System
2.1.1. System Structure

The object of this study is a grid-connected system consisting of a PV array, a BESS, and
a VSC, as shown in Figure 1. The DC side includes the PV array, PV-side DC/DC converter,
BESS, bidirectional DC/DC converter, and DC-link capacitor. The AC side includes the VSC,
LC filter, point of common coupling (PCC), equivalent grid impedance Rg+jXg, and three-
phase grid. Renewable-energy grid-connected converters must be coordinately designed
with respect to power conversion, grid current quality, and grid support [18]. The BESS

can undertake the energy support task in virtual synchronous control through fast power
buffering [19].

PV-side Common LC , .
PV Array DC/DC — VSC — Filter —r—> Rg+HXg —> Grid

Cdc

PCC V/I
Measurement

Bidirectional
BESS —> DC/DC —>~H—

Figure 1. Structure of the PV-BESS grid-connected system.

The average-value model represents the VSC modulation command as the average AC-
side output voltage. It neglects switching ripple while retaining low-frequency dynamics
such as power, voltage, and frequency and is therefore suitable for analyzing the effects of
grid strength variation and GFL/GFM weight transition on system transients.

2.1.2. DC-Side Power Coordination

Neglecting converter losses, the DC-link power balance is

dauy,
CdcudCTC = Ppy + Pggss — Pysc (1)

where Ppy is the PV output power; Pgggg is the BESS charging/discharging power, with
Pgrss > 0 indicating discharging; Pysc is the power absorbed by the VSC from the DC side;
C,. is the DC-link capacitance; and Uy, is the DC-link voltage. The BESS power reference is
set as

Pigss :P§—PPv+kdc(u§c_ Udc) (2)

where Py is the grid-connected active power command, U}, is the DC-link voltage reference,
and k. is the regulation coefficient. In the physical design, the BESS power is saturated
according to the upper and lower limits of the state of charge (SOC), so that the main
impact of PV fluctuations is confined to the DC side and the response burden on the
AC-side controller is reduced. In the reported reduced-order response study, the BESS is
represented as an algebraic power buffer: Pggsg = Py — Ppy is computed at each time step
without integrating the battery energy or SOC and without activating an SOC-dependent
charging or discharging constraint. The BESS power rating is 300 kW. For Case 4, with
P; = 0.65 p.u. and the PV output varying between 0.42 and 0.68 p.u., the calculated BESS
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contribution ranges from +0.23 p.u. (115 kW) to —0.03 p.u. (—15 kW), remaining within the
300 kW rating.

2.1.3. VSC Average-Value Model
Let the three-phase modulation quantity be 1, and the DC-link voltage be U, . The
equivalent AC-side output voltage reference is
U,
U?nv,ahc = %mubc (3)
This relationship preserves the dominant link between the modulation quantity and

the AC output voltage and can be used to verify the effect of GFL/GFM fusion weight
variation on system dynamics.

2.2. Adaptive GFL/GFM Fusion Control

Figure 2 shows the proposed control structure. The GFL and GFM controllers operate
in parallel on the same VSC. The online SCR identification module estimates the grid
strength in real time, and the continuous weight function and low-pass filter generate the
actual fusion weight «. The two modulation waves are fused according to

Mape = amGM + (1 — a)ymSEE, 0<a<1 (4)
where mSFt and mS$™ are the three-phase modulation waves output by the GFL and GFM

channels, respectively. When a = 0, the controller degenerates to pure GFL control; when
« =1, it degenerates to pure GFM control. Because (4) is always a convex combination of
the two types of modulation waves, no hard switching of the topology or control structure
occurs during the weight variation process, thereby reducing modulation discontinuities at
their source.

5| Current Pl - GFL
—»  PLL g —> Y ﬁ
pCC Weighted
Q-V Loop 3 Fusion [
VI 1 P—:/EoGop — + Voltage > mf,‘,iM > —amM VSC
Meas. Synthesis abc abc
I GFL
+(1 - a)mabc
A

’ Weight [
’ Q Perturbation y ‘ LPF
SCRID H R noc(.,t.lon _7 Tot > «

Figure 2. Structure of the proposed GFL/GFM adaptive fusion control. Here, x* denotes the reference
GFM fusion weight before low-pass filtering, whereas o denotes the actual GFM fusion weight after
low-pass filtering.

The GFL controller adopts the standard structure of a PLL, power outer loop, and
current inner loop. With the PCC voltage vector orientation and u,~0, the current references
corresponding to the power references are

L S 5
A 3l/ldl 7 3Md

where Qy is the grid-connected reactive power command and u, is the d-axis component of
the PCC voltage. In weak grids, the interaction between the PLL and grid impedance forms
a PLL—current loop—grid impedance coupling loop, which may induce power oscillations
when the SCR is low.

https://doi.org/10.3390/en19215209


https://doi.org/10.3390/en19215209

Energies 2026, 19, 5209

6 of 25

The GFM controller adopts a virtual synchronous generator (VSG) scheme. The active
power—frequency loop is

dw .
]wod_:Pg_Pg_Dp(w_wo) (6)
and the reactive power—voltage loop is
Epu=1+ ”q(Qgpu - Qg,pu) (7)

where Uy = 380 V line-to-line RMS is the voltage base, Sy = 500 kVA is the apparent power
base, and 1, = 0.02 p.u./p.u. relates the normalized reactive power deviation to the normalized
voltage deviation. The controller is implemented in per-unit quantities for the reactive power—
voltage loop, and the rated 380 V line-to-line RMS voltage serves as the base quantity rather
than being multiplied directly by the per-unit droop coefficient. Here, | is the virtual inertia,
D, is the active power damping coefficient, wj, is the rated angular frequency.

Equation (6) is written in power-balance form; accordingly, D, has units of W-s/rad,
which differs from the torque-form VSG convention, where D, would carry units of
N-m-s/rad and require an additional factor «,. The GFM channel achieves autonomous syn-
chronization through negative feedback on the active power deviation without using a PLL;
therefore, under weak-grid conditions, it can reduce the risk of synchronization oscillations
caused by coupling between the PLL and grid impedance. Virtual synchronous-machine
implementations commonly embed virtual inertia, damping, and droop elements into the
converter outer loop, so that the converter exhibits approximate synchronous-machine
power-angle dynamics under power disturbances. In a PV-BESS system, the BESS provides
fast active power buffering and can supply DC-side energy support for the inertia and
damping responses of the GFM channel.

From the perspective of control objectives, the GFL channel emphasizes current con-
straints and fast power tracking, whereas the GFM channel emphasizes voltage angle estab-
lishment and weak-grid support. The proposed adaptive fusion control scheme (AFSC)
does not simply switch between the two modes. Instead, it uses the SCR estimate to adjust
in real time the contribution of each channel to the modulation wave, so that the converter
behaves more like a current source in strong grids and more like a voltage source in weak
grids. Virtual impedance can improve power sharing and damping in parallel systems by
reshaping the converter output impedance. Its compensation for grid strength variation is
generally an indirect adjustment at the impedance level and can complement the online
update of GFL/GFM weights [20].

A comparison of the proposed AFSC method with representative existing GFL/GFM
control approaches is presented in Table 1.

Table 1. Comparison of closely related GFL/GFM methods and the investigated AFSC case across
control structures, fusion mechanisms, stability models, coefficient adaptation, and validation.

Method/Source Control Structure Fusion Mechanism Stability Model Coefficient Adaptation Validation
I.-Ia-r.d :s.wiching/ state  Separate GFL/GFM Hard switching Separatg pres Fixed thresholds Simulation
initialization [21,22] controllers /post-switching
. Virtgal GFM with virtual . Impedance- . Simulation +
impedance/impedance impedance Impedance reshaping based Indirect measurement
reshaping [23,24] P
Droop/VSG gain Continuous gain Local . . .
adjustment [25,26] Droop or VSG adjustment linearization Empirical Simulation
Fixed-structure Local
hybrid control Unified GFL/GFM Fixed/semi-fixed . Partial; SCR-based Inverter case studies
[27,28] small-signal
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Table 1. Cont.
Method/Source Control Structure Fusion Mechanism Stability Model Coefficient Adaptation Validation
Adaptive Small-
SCR-adaptive hybrid Adaptive mixed . . Small-signal or . signal /impedance
control [29,30] GFL/GFM Prop ortlc?n./hybrld impedance-based SCR-based analysis and inverter
coefficient !
case studies
Bounded
Proposed method Parallelh GFL/GFM piecewise-linear Low-grder P hase Online SCR identification ~ Reduced-order event
modulation-reference . margin relation
(AFSC) fusion « (SCR) map with ith a (0.5 s refresh) response study

first-order filter

2.3. Small-Signal Stability Analysis and Parameter Tuning
2.3.1. Small-Signal Model of the Fusion System

Following the classification of power system stability, this paper focuses on converter-
dominated small-disturbance synchronization stability under weak-grid conditions [31].
The extended stability definition incorporates converter-driven stability into the power
system stability classification framework [32]. On this basis, an engineering small-signal
model is constructed by introducing the fusion weight into the dominant weak-grid sta-
bility channel. Around the rated operating point, the GFL channel is represented as a
synchronization-coupling element formed by the PLL, current loop, and grid impedance,
whereas the GFM channel is represented as a voltage-source synchronization element
formed by the VSG active power—frequency loop, reactive power-voltage droop, and filter
impedance. Because both channels ultimately act on the same modulation wave, the domi-
nant open-loop gain can be approximately expressed as a weighted superposition under a
unified base:

Gopen Jfus (S,D(,SCR) zaGGFM (S,SCR) + ( I—a ) GGFL (S,SCR) (8)

Specifically, the SCR variation changes the PCC voltage response and power angle
dynamics observed by the VSG loop, thereby influencing the effective synchronization
behavior of the GFM channel.

Here, Ggp (s,SCR) represents the dominant coupling channel formed by the PLL,
current loop, and grid impedance, and Gggy (s,SCR) represents the equivalent synchro-
nization channel of the VSG active power—frequency loop and the reactive power—voltage
loop. Grid impedance enters both channels through the shared network and PCC variables.
Although the GFM controller does not rely on a PLL for synchronization, its dynamic
behavior is still influenced by the SCR through the PCC voltage response, power feedback,
and converter—grid interaction. Therefore, both the GFL and GFM channels are implicitly
SCR-dependent, and the adaptive coefficient «/alpha adjusts their relative contributions
rather than compensating for only the GFL instability. Equation (8) is derived by linearizing
the modulation fusion relation

m = (1 - a)mgp, + amgpy 9)
about a fixed operating point:
dm = (1 — ag)dmgpy, + agdmgpy + (Mgpmo — Marro) 6 (10)

Equation (8) retains the first two terms for a frozen weight (o = 0), places both
channels on a common base, and neglects cross-coupling and higher-order dynamics. It is
an approximate tuning relation, not an exact identity for the complete closed loop.

Equation (8) is a low-order engineering model for scheduling the GFL/GFM fusion
weight. To provide an independent small-signal reference, a complete averaged dg-domain
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AC-side model is established and linearized around the operating point [33]. The state
vector is

. . . . T
X = [lfd/ Igr Vedr Vegr lgdr Togr Giar Gigr OpLL, P, OcEMY AwGFM] (11)

The grid impedance Zg = Rg + jXg, determined from the SCR value, is included in the
dg-axis network equations and modifies the coupling between the converter current and
PCC voltage.

The nonlinear model is first linearized around the steady-state operating point (x,, uy),
and the closed-loop state matrix is obtained as A = df (x, u)/dx/(x, uy). The grid impedance
determined by the SCR value is included in the dq-domain network equations and affects
both the GFL and GFM channels through the PCC voltage and current feedback paths.
The resulting eigenvalues are used as the reference for evaluating the stability trend of the
proposed low-order phase margin model.

With wy = 27tf), the electrical subsystem is

di
W . .
ar - Lf_0 (Virot = Vet = Rppudia) + ol
pu

A _ o

dt Ly, (00 = eg = R iy ) = o

dvy wy . )
ar %(% — lgq) + Wty

dch wy /. . (12)
= Iy — 1op ) — WoUyy,
dt ~ Crpy ( f1 gq) 0%d
di
gd Wy . .
—=——(v,—1—=R, i)+ wyi,,,
dt Xy ( cd gpu gd) 0%gq
di w,
g1_ %o . .
= Xy (0 = Ropulg) = wola
Grid strength enters through
1 0.1
Xom=5er: Rem=aR (13)

At each pair (SCR,x), the nonlinear equilibrium x; is solved numerically, and the
complete small-signal model is obtained from the Jacobian

Ax = A(SCR, a)Ax + B(SCR, &) Au (14)

The complete dg model is a multi-input/multi-output closed-loop system. The complete
dg-domain validation is therefore carried out through the closed-loop eigenvalues and the
dominant synchronization-mode damping over the SCR-« grid. All active modes in the
evaluated grid lie in the open left-half plane, and the dominant-mode damping remains
positive. At the two representative operating points, the dominant-mode damping ratios are
0.895 (SCR=2.0, « =0.50) and 0.638 (SCR = 1.8, « = 0.75), with corresponding dominant-mode
frequencies of 0.607 Hz and 0.259 Hz. The complete dg model retains the LC filter dynamics
and controller state interactions that are omitted from Equation (8). Figure 3 summarizes the
full-dq closed-loop stability, dominant-mode damping, and representative eigenvalue loci
used for this validation.
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(a) Full dq closed-loop stability (b) Dominant-mode damping
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Figure 3. Complete dg-domain small-signal validation: (a) maximum real part of the closed-loop
eigenvalues over SCR for selected GFM weights; (b) dominant synchronization-mode damping ratio;
(c) eigenvalue locus at SCR = 2.0 and « = 0.50; (d) eigenvalue locus at SCR = 1.8 and & = 0.75.
In subfigures (c,d), the blue open circles represent the closed-loop eigenvalues, while the vertical
dashed lines indicate Re(A) = 0, corresponding to the stability boundary between the left and right
half-planes.

Figure 4 provides a complementary comparison between the low-order phase margin
trend and the dominant synchronization-mode characteristics of the complete dq model. The
low-order PM increases markedly with GFM participation in weak grids, while the complete
dg-domain model retains positive dominant-mode damping across the investigated points.

(a) Equation (8) low-order PM (b) dq model: (o 09 (c) dq model: fy,p,
L1 0.8
o < 0.7
E 1 EL—E——8—38 < 0.6
= 205
£09 g
= =04 c‘Q\e\e—e
g s
208 203
g g aee—
a ] 02
0.7
0.1
0.6 0
2 3 4 5 6 7 2 4 6 8 2 4 6 8
SCR SCR SCR

Figure 4. Low-order and complete dg-domain stability trends versus SCR: (a) Equation (8) low-order
phase margin for selected GFM weights; (b) dominant synchronization-mode damping ratio from
the complete dq model; (c¢) corresponding dominant-mode frequency. The colors in subfigures
(b,c) correspond to the same GFM weights as indicated by the legend in subfigure (a); the x = 1 case
is shown only in subfigure (a).

2.3.2. Effect of GFM Weight on Phase Margin

Within the reported low-order parameter study, the phase margin (PM) at crossover
is used as an illustrative tuning index, with the values listed in Table 2. A 30° margin is
adopted as a case-specific design target, and 15° marks the low-margin portion of the table.
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Table 2. System phase margin (°) under different SCRs and GFM weights «.

SCR o =0 (100% GFL) x = 0.25 o« = 0.50 x =0.75 x =1 (100% GFM)
7.0 52 53 51 48 45

5.0 41 44 45 44 44

3.0 26 33 39 42 43

2.0 14 25 34 38 38

1.8 8 20 31 37 38

1.5 Unstable 12 24 32 37

The 30° value is consistent with widely adopted minimum phase margin guidance
in feedback control and power electronics design, where a PM between 30° and 60° is
recommended for a satisfactory dynamic response without sustained oscillation [34]. Re-
lated stability margin considerations are widely used in grid-connected converter and
synchronization-loop design [35,36]. For weak-grid PLL design, the cited study gives a
minimum requirement of PM > 30°. The 15° value is consistent with the empirical stability
criteria used in converter control practice [37]. In this paper, the 15° value is used only as a
design caution marker to identify the low-margin region of the parameter study.

As shown in Table 2, when SCR = 7, the PM of pure GFL control is approximately 52°,
satisfying the engineering requirement. However, when the SCR decreases to 1.8, the PM is
only 8°, approaching the instability boundary. Under the same condition, increasing « to 0.75
restores the PM to 37°, indicating a significant improvement. Pure GFM control maintains a
PM between 38° and 45° under different SCR values and is clearly less sensitive to grid strength
variation than pure GFL control. It should be noted that « is not necessarily better when larger:
an excessively high GFM weight in a strong grid reduces the power-tracking speed, whereas an
excessively low GFM weight in a weak grid cannot provide sufficient voltage-source support.
The same low-order phase margin data are plotted in Figure 5 to make the SCR—x dependence
and the two representative full-model comparison values directly visible.

Equation (8) low-order phase-margin study
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Figure 5. Phase margin of the low-order model in Equation (8) under different SCRs and GFM weights.
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2.3.3. Tuning Criteria for Key Parameters

The parameters are tuned by first ensuring weak-grid stability and then preserving
the fast response under strong-grid conditions and finally limiting weight dynamics. The
extreme weak-grid boundary is set to SCRy,,, = 1.5. As seen in Table 2, when SCR = 1.5 and
« =1, the PM is approximately 37°, satisfying the weak-stability boundary requirement of
PM > 30°. The lower boundary of the strong-grid region in which pure GFL control maintains
a relatively high PM is selected as the endpoint of GFM weight attenuation; thus, SCR,;,;, =7 is
adopted. At this point, the PM of pure GFL control is approximately 52°, and the GFM weight
can be reduced to 0 to retain fast power-tracking capabilities. The transition interval SCRy,g, —
SCR}y,, = 5.5 helps to avoid frequent weight chattering under medium grid strength. Finally,
the weight-filter time constant T, should be greater than the dominant variation period of
the identification noise but should not be substantially slower than the grid transient process.
Considering the SCR identification refresh period T;; = 0.5 s and the typical time scale of grid
transients, T, = 0.5 s is used in this paper. The three key quantities adopted by the algorithm
are therefore SCRy,,, SCRyp,, and T, Figure 6a shows the common grid impedance used by
both control branches as a function of the SCR, and Figure 6b illustrates the first-order filtered
fusion weight response for an SCR change from 5 to 1.8.

(a) Common grid impedance (b) Filtered weight response

0.7

—

o

o -
T

0.6

o
)
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i o
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GFM weight
o o o o
(%) EN W

=
(3]
T
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e
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- - -
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1 1 L 1 1

0 1 2 3 4 5 6
SCR Time (s)
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Figure 6. SCR-dependent network and weight dynamics used in the AFSC design: (a) common grid
inductance Lg and resistance Rg versus SCR; (b) reference GFM weight «* and filtered applied weight
« for an SCR step from 5 to 1.8.

2.4. Adaptive Fusion Control Algorithm

Online SCR identification, the continuous weight function, and low-pass filtering
jointly constitute the core of the AFSC algorithm. The SCR identification module provides a
real-time estimate of the grid strength, the continuous weight function maps this estimate to
the GFM reference weight, and the low-pass filter further limits the rate of weight variation
to ensure the continuity of the modulation command.

2.4.1. Online SCR Identification

The proposed physical identification procedure applies a reactive power command
perturbation of AQ" = 0.02 p.u. to estimate the equivalent grid impedance and SCR. The
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perturbation is applied as a rectangular pulse train: a 20 ms rectangular pulse is injected
once every identification period T;; = 0.5 s. The pulse waveform is

0.02pu., 0<t—kT,; <20ms,

(15)
0, otherwise,

for each identification period index k = 0,1,2,.... The before/after quantities are obtained
from 10 ms averaging windows placed immediately before and after the pulse:
—after —before , -after  <before
AUpccr = Upccx — Upccrs  Digy =lgx —igk (16)
The 20 ms perturbation duration equals one fundamental period at 50 Hz. The be-
fore/after quantities are evaluated using adjacent 10 ms averaging windows. The amplitude
AQ" = 0.02 p.u. is a compromise between estimator sensitivity and the deliberate distur-
bance, corresponding to 2% of the rated reactive power. Measurement filtering and the
three-period sliding average described below are used to suppress fundamental frequency
and measurement noise components.

uz 1

SN Xg,k Xg,k,pu

Al
x = SHPcck

k= . ’ SCRest,k =
8 Alq,k

(17)

where k denotes the k-th identification period; Uy is the rated line voltage root mean
square value; and Sy is the system rated capacity. The before/after averaging window is

T4y = 10 ms. The sliding-average window applied across identification periods is Ny, = 3,
corresponding to a total averaging horizon of 1.5 s. The SCR estimate is saturated to
SCR,y € [SCR,,in,SCR,,. ] = [1.2,12] (18)

To first order, the g-axis perturbation estimate in Equation (17) recovers X, rather than the
full impedance magnitude ‘Z g‘ = X1 + p?. The resulting relative error in the SCR is

SCRest B SCRtrue

~ 2 __
So bR LR (19)

where p = R_g/X_g. For the investigated grid model with p = 0.1, the resulting SCR error
is approximately 0.5%; even for p = 0.2, the error remains approximately 2.0%.

Measurement filtering is applied before identification. The PCC voltage magnitude and
the g-axis current used in the identification are passed through a second-order Butterworth
low-pass filter with a cutoff frequency f,, = 500 Hz. This filter removes switching-frequency
ripple and high-frequency measurement noise while preserving the fundamental frequency
component and the transient associated with the 20 ms perturbation pulse. The filter is
applied to both the before and after windows.

Background operating point variations are handled by the differential structure of the
identification. Because the before and after windows are adjacent to the perturbation pulse,
slow variations in the background operating point (e.g., gradual changes in PV output
or grid voltage) affect both windows approximately equally and are largely cancelled out
in AUpcc and Ai, . Fast variations within a single 30 ms measurement window would
introduce errors; to suppress this, the sliding average across N,,, = 3 periods is used.
If a large operating point change is detected between consecutive periods, the sliding-
average buffer is re-initialized. This re-initialization logic is part of the intended physical
implementation; it is not exercised in the reported reduced-order response study because
the SCR scheduling signal is prescribed.
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2.4.2. Continuous GFM Weight Function

According to the phase margin analysis above, a weaker grid requires a higher GFM
weight, whereas a stronger grid should reduce the GFM weight to preserve the fast power-
tracking capabilities of GFL control. In Equation (20), SCR denotes the saturated SCR
estimate used by the scheduler (i.e., SCR = SCR_est); therefore, the GFM reference weight
is defined as

1, SCR < SCR,,,,
SCRy,;,;,—SCR
ot (SCR) = m, SCRZOZU < SCR < SCRhigh/ (20)
0, SCR > SCRy.

Equation (20) is a bounded, with deliberately conservative piecewise-linear interpola-
tion between the two selected SCR endpoints, with slope —1/5.5 in the transition interval.
It is not derived as the pointwise minimum-weight solution of phase margin optimization.
At SCR = 3, Table 2 gives PM = 33° already at « = 0.25, whereas Equation (20) gives
a’ ~0.73. At SCR = 1.8, Table 2 gives PM = 31° already at & = 0.50, whereas Equation (20) gives
a’ = 0.95. Equation (20) selects a higher GFM weight as a deliberate design reserve, traded
against the active power tracking speed: a larger GFM weight provides an additional damping
margin beyond the 30° target under model uncertainty and grid strength estimation errors
and reduces the sensitivity of the closed-loop damping to SCR identification noise. The loss
in active power tracking speed is bounded, because the GFM weight is reduced to zero
as soon as SCR > SCRy,;, = 7. The phase margin study summarized in Table 2 provides
a qualitative trend—a lower SCR requires a higher GFM weight—which motivates the
direction of Equation (20).

2.4.3. Weight Low-Pass Filtering

Online SCR estimation inevitably contains sampling noise, response delays to power
perturbations, and sliding average errors. If a” is directly used in (4), the weight will
fluctuate with estimation noise and induce high-frequency variations in the modulation
wave. Therefore, a first-order low-pass filter is introduced into the weight channel:

«(s) _ 1 _ 1
a*(s)  T,s+1 fC_ZnT

44

(21)

where f, is the cutoff frequency of the weight channel. When T,, = 0.5 5, f, is approximately
0.318 Hz, which attenuates high-frequency weight fluctuations near the identification period
while not being significantly slower than typical grid transients. In engineering digital
control, the following discrete implementation can be adopted:

ap = Aag_y + (1= A)ay, A =exp (—%) (22)
24

where T, = 10~ s is the controller sampling period and A = exp(—T,/T,) = 0.99980002 is
the filter memory factor for T, = 0.5 s. In the intended physical implementation, the GFL
current-loop PI controller, the GFM VSG loops, the PLL, the SCR identification module, and
the fusion weight update are all sampled at the same rate T, = 10~* s (10 kHz). This single-rate
implementation is adopted for simplicity and to avoid multi-rate coupling effects in the online
SCR identification loop. The SCR identification refresh period T;; = 0.5 s is a scheduling-level
period, not a sampling-level period; within each refresh period, the SCR estimate is held
constant while the fusion weight recursion continues to be updated at T, = 10~* s. The
reported reduced-order response study only updates the weight recursion at this time step;
the GFL, GFM, PLL, and physical estimator are not separately discretized in this model.
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2.4.4. Algorithm Implementation

(1) Initialize SCR;y,, SCRyp, T, and the BESS power saturation parameters, and set the
initial « to be consistent with the a” corresponding to the initial SCR estimate.

(2) During each identification period T}, inject a small perturbation into the reactive power
command, collect AlUpcc and Aiy, calculate the SCR estimate using (17), and apply
sliding averaging and saturation.

(3) Calculate the GFM reference weight & according to (20), and update the actual weight
« according to (22).

(4) Run the GFL and GFM controllers separately, obtain the two modulation waves,
perform weighted fusion according to (4), and send the fused result to the VSC
modulation stage.

In terms of implementation, AFSC changes only the modulation-wave fusion weight
and does not alter the hardware topology or the main controller structure. It can therefore
be implemented on an existing GFL grid-connected control platform by adding a GFM
channel, an online SCR identification module, and a weight-filtering module, which gives
the method good engineering portability.

The overall procedure for online SCR identification and adaptive GFL/GFM weight
fusion is illustrated in Figure 7.

Inject AQ*

Start —> P‘a.rar.netler ,J Q . » Calc. SCRg

Initialization Acquire AUpcc, Aig
A
\ 4
. . ) Generate .
Calculate Fusion
Wait for Next Weighted Fusion Modulation Waves ‘ :

ID Cycle Output to VSC GFM GFL Weight a

mubc ! mubc

Figure 7. Flowchart of the online SCR identification and weight fusion algorithm (SCR, denotes the
k-th SCR estimate, SCR_est,k). The asterisk in AQ* indicates a reference or commanded quantity. AQ*
denotes the reactive power reference perturbation (0.02 p.u.) injected for online SCR identification.

3. Results and Discussion
3.1. Simulation Model and Parameters

A reduced-order response study of the defined 500 kVA PV-BESS case was implemented
in MATLAB (R2025a, MathWorks, Natick, MA, USA) using the settings in Table 3. Four
strategies are compared: pure GFL (« = 0), pure GFM (« = 1), fixed-threshold switching
(FTS; « = 1 when SCR,; < 3 and « = 0 otherwise), and AFSC. FTS applies its binary
reference directly without the AFSC weight filter. The plotted PCC voltage, power, and
current curves follow prescribed event response expressions rather than a solved network-
coupled converter model.

Table 3. Simulation parameters of the PV-BESS grid-connected system.

Parameter Symbol Value Unit
System rated capacity Sn 500 kVA
Rated line voltage Uy 380 \

Rated frequency fo 50 Hz
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Table 3. Cont.

Parameter Symbol Value Unit
DC-link voltage reference ;. 800 \
DC-link capacitance Cye 10 mF
LC filter inductance Le 2 mH
GFL current-loop proportional/integral gain k, /k; 5/100 —
PLL proportional/integral gain ky pr/kipLi 60/1400 —
VSG virtual inertia J 0.5 kg-m?
VSG active power damping D, 10 W-s/rad
Reactive power—voltage droop coefficient 1, 0.02 p-u./p.u.
Lower/upper SCR thresholds SCRyo /SCRygh 1.5/7 —
Weight time constant T, 0.5 s
Controller sampling period T, 1x107* s
Identification period Ty 0.5 s
Maximum BESS charging/discharging power Pox 300 kW
LC filter capacitance Cr 2 uF

A 1.5 p.u. fault current design limit is used as the common current ceiling for all four
strategies. The limiter is implemented differently for each control structure. For the GFL
channel, the current reference is limited by
allocation [38]:

gl < Iyax = 1.5 pu,, with current-priority

iy = min(i5g, L), iy = sign(i7 o )max (L, - (i7),0) (23)

When the current reference is clipped, the current-controller integrator states are frozen
to prevent wind-up. For the GFM channel, a virtual impedance-based voltage limitation is
used [39,40]:

UGem,dg = VGEMLdq0 — Zoldg (24)
where Z, = k;(ligy| — Iy,) when [iy,| > Iy,. For FTS, the limiter inherits the current mode. For
AFSC, both limiters are applied simultaneously and the two limited modulation waves
are fused:

Oinv,dg = 1- a)leinl;L,dq + wvg;M,dq (25)

In Case 3, the current limiter is not activated because the peak currents remain below
1.5 p.u
Note: The filter inductance is Ly = 2 mH and the filter capacitance is C; = 2 pF. The LC
resonance frequency is
1
fic = ——— ~ 2516 Hz ~ 2.5 kHz, (26)

which is well above the PLL bandwidth. In the physical design, active damping based on
capacitor current feedback is adopted. A virtual resistance R, is synthesized by feeding
the capacitor current through a gain k,; into the modulation command:

1
Ry = 7 (27)
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The adopted value is k,; = 0.2 p.u./p.u., corresponding to R; = 5 () and a damping
ratio of approximately

1 |Lf

e o \G 0.08. (28)

The grid impedance is converted according to the SCR definition: X, = Uz /(Sn - SCR),

R, = 0.1X,, where Uy is the rated line voltage root mean square value and Sy, is the three-
phase rated capacity. The corresponding grid inductance is Lg = Xg/w0.

Statistical definition: The active power recovery time is defined as the time required

for the active power to enter and remain within 2% of the final steady-state value.

3.2. Case 1: Step Change in Grid Strength

The initial SCR is 5, P,*=0.6p.u, and Qg¢*=0. Att =2, tie-line removal is simulated
and the SCR decreases to 1.8. This condition is used to examine the changes in SCR
identification, fusion weight, voltage oscillation, and current impulse during a transition
from a strong grid to a weak grid. The results are shown in Figure 8.

6 . i (a) ] ] ] (b)

s AFSC (ref)
AFSC (filtered) |

07
065
06
3055F
o 05f
045}
04}

12r GFL TS Zoomed detail 1 oal
GFM AFSC

25

Q/pu

0 1 2 3 4 5 6 0 1 2 3 4 5 6
t/s t/s

Figure 8. Simulation results under a step decrease in grid strength in Case 1: (a) comparison between
the prescribed SCR scheduling input and the true SCR; (b) evolution of the FTS grid-forming mode
indicator and the AFSC GFM fusion weight; (¢) PCC voltage magnitude; (d) grid-connected active
power; (e) converter current magnitude; (f) grid-connected reactive power.

As shown in Figure 8a, after the SCR step change, the prescribed scheduling input
reaches the new grid strength level after approximately one refresh period. In Figure 8b,
the FTS curve is the grid-forming mode indicator. Because the initial SCR is 5, FTS starts
in GFL mode, so p = 0. The AFSC weight « is determined by (20)—(22), and its initial
value is approximately 0.36. Therefore, the different starting points of the two curves are
not a simulation error. After the SCR decreases, FTS directly crosses the threshold and
exhibits a large switching slope, whereas AFSC transitions through the LPF to approximately
0.94 with a smoother variation. Figure 8c—f show that pure GFL control exhibits obvious
low-frequency oscillation under the weak-grid condition, with a PCC voltage oscillation
amplitude of approximately 0.063 p.u. GFM control has better damping but slower active
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power recovery. FTS reaches a current peak of 1.15 p.u. at the switching instant. AFSC
yields a voltage oscillation amplitude of approximately 0.019 p.u., an active power recovery
time of about 2.3 s, and a maximum current of about 1.05 p.u., achieving a favorable tradeoff
between stability and power-tracking speed.

3.3. Case 2: Effectiveness of Weight Filtering

This case uses the same SCR step from 5 to 1.8 and compares AFSC with and without
the weight LPF. Both runs receive the same synthetic SCR estimation error. The synthetic
SCR estimation error is defined as follows. Zero-mean Gaussian noise is added to the SCR
estimation input:

SCRest(tk) = SCRtrue (tk) + My, ny ~ /\[’(0/ 0'721) (29)

The standard deviation is o, = 0.20 SCR units, corresponding to approximately 4%
of the SCR value in the range studied. The noise sequence 7, is refreshed once every
identification period T;; = 0.5 s and held constant between updates, so the noise entering
the weight channel is a zero-order-hold sample-and-hold signal. The random sequence is
generated with a fixed random seed (seed 11), so the same noise realization is applied to
both the with-LPF and without-LPF runs.

The resulting responses are shown in Figure 9. Figure 9a shows that the unfiltered weight
exhibits abrupt changes as the SCR scheduling input changes, whereas the first-order LPF pro-
duces a smooth transition toward the new reference value. Figure 9b,c show the corresponding
prescribed PCC voltage and converter current response templates. In this reduced-order ablation,
these two response templates are the same for the with-LPF and without-LPF cases; therefore,
the comparison is used specifically to demonstrate the smoothing of the fusion weight channel
rather than to infer an independent change in closed-loop voltage or current stability. With
Ta = 0.5 5, the applied weight approaches the reference without overshoot and with a transition
rate consistent with the intended bumpless fusion mechanism. Figure 10 shows the shared
sample-and-hold SCR estimation error used in both runs and the corresponding fusion weight
trajectories with and without the LPFE.

WF
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with LPF
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[ 1 1 1 1 1 =
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Figure 9. Effect of the weight low-pass filter in Case 2: (a) GFM reference weight and applied weight
with/without the LPF; (b) prescribed PCC voltage response; (c) prescribed converter current response.
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(a) Shared sample-and-hold SCR-estimate error
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Figure 10. Case 2 SCR estimation error diagnostic: (a) shared sample-and-hold SCR estimation error
(standard deviation = 0.20 SCR units, seed 11); (b) resulting GFM fusion weight trajectories with
and without the low-pass filter.

3.4. Case 3: Three-Phase Symmetrical Voltage Sag

The system operates at SCR = 3. Att = 1.5 5, a three-phase symmetrical voltage sag is
applied. In the intended physical network model, the sag is applied at the ideal grid voltage
source behind the grid impedance Zg = Rg + jXg. Specifically, the grid-source voltage
magnitude is reduced from 1.0 p.u. to 0.7 p.u. for 0.5 s, while the grid impedance and
converter-side network remain unchanged. In the reported reduced-order response study,
the PCC voltage trajectories are assigned by strategy-dependent event response expressions.
This 0.7 p.u./0.5 s profile is an illustrative disturbance rather than a specific grid code
requirement. The resulting responses are shown in Figure 11.

i (@) (b)
07
1 06
05
3 09 .
- a2 04
808 o
£ %03
07 GFL 02 GFL
GFM GFM
FTS 04 FTS
06 AFSC : AFSC
0
0 1 2 3 4 0 1 2 3 4
t/s t/s
0.35 © 16 @
GFL GFL
03 GFM 14 GFM
FTS FTS
0.25 AFSC ” AFSC
5 02 :
2 2
~ 015 a

0 1 2 3 4 0 1 2 3 4
t/s t/s

Figure 11. Prescribed reduced-order responses under the three-phase symmetrical voltage sag in
Case 3: (a) PCC voltage magnitude; (b) grid-connected active power Pg; (c) grid-connected reactive
power Qg; (d) converter current magnitude with the 1.5 p.u. design reference.
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Figure 11 compares the prescribed responses of GFL, GFM, FTS, and AFSC during
the voltage sag. The whole-case peak currents are approximately 0.899, 0.830, 0.865, and
0.850 p.u., respectively, all below the 1.5 p.u. design reference shown in Figure 11d. During
the 1.5-2.0 s sag, the maximum absolute difference from the GFL PCC voltage curve is
approximately 0.055 p.u. for GFM, 0.026 p.u. for FTS, and 0.039 p.u. for AFSC; the corre-
sponding mean absolute deviations are 0.031, 0.017, and 0.024 p.u. The peak reactive power
injections are approximately 0.31, 0.29, 0.30, and 0.32 p.u. for GFL, GFM, FTS, and AFSC,
respectively. These results provide a direct relative comparison of the four control strategies
under the same prescribed voltage sag condition. Figure 12 further isolates the prescribed
sag setting, the PCC voltage differences relative to GFL, and the current limit margin for
this case.

(a) Disturbance setting and PCC response template
T T T

T
1
1
1
> 0.9 1
= 1
S08 X
g .
>07
- — = -sag setting (not network-coupled)
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1.4 1.6 1.8 2 22 24 26
t/s
b) Difference during the sa
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S ~004 AFSC - GFL
<
~0.06 1 1 1 1 1 1 1 1 1
1.5 1.55 1.6 1.65 1.7 1.75 1.8 1.85 1.9 1.95 2
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Figure 12. Case 3 sag diagnostic: (a) prescribed sag setting and PCC voltage response template;
(b) PCC voltage difference relative to the GFL curve during the sag; (c) converter current magnitude
relative to the 1.5 p.u. design limit.

The maximum voltage differences from the GFL curve during the sag are 0.055 p.u.
for GFM, 0.026 p.u. for FTS, and 0.039 p.u. for AFSC.

3.5. Case 4: PV Output Fluctuation

Under SCR = 3 and P = 0.65 p.u., the PV output decreases from 0.60 p.u. to 0.42 p.u.
att = 1.5 s and increases to 0.68 p.u. at t = 3.0 s. This condition mainly examines BESS
compensation, DC-link stability, and whether the fusion weight is falsely triggered under
source-side power fluctuations. The results are shown in Figure 13.
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Figure 13. Simulation results under PV power fluctuations in Case 4: (a) PV, BESS, and grid-connected
active power; (b) DC-link voltage; (c¢) PCC voltage magnitude; (d) GFM fusion weight «. The black
dotted lines in subfigures (b,c) indicate the 1.0 p.u. reference values for the DC-link voltage and PCC
voltage, respectively.

Figure 13a shows that, when the PV output decreases, the BESS rapidly compen-
sates approximately 0.18 p.u. of power. After the output increases, the BESS absorbs
approximately 0.03 p.u. of power, keeping the grid-connected active power close to its com-
mand value. In Figure 13b, the maximum DC-link deviation under AFSC is approximately
0.007 p.u. In Figure 13c, the PCC voltage remains stable, and the maximum deviation in
the grid-connected active power is approximately 0.015 p.u. Because the grid SCR does not
change, the GFM fusion weight in Figure 13d fluctuates only slightly around 0.72, indicating
that the weight is governed primarily by the grid strength rather than by the PV-side power
disturbance.

3.6. Sensitivity to SCR Input Error

The SCR-to-weight map is evaluated analytically at the nominal true SCR = 3 without
assigning a simultaneous Case 1 step disturbance. The operating point is P¢" = 0.60 p.u.
and Qg¢" = 0. Prescribed estimate errors of 0%, £5%, and +10% are applied to the true
SCR =3.

Reference basis. The reference case is the zero-error case, in which the prescribed SCR
estimate equals the true value SCR,,; = 3.000. The corresponding reference weight is

B3 =575

=0.7273. (30)

All signed deviations Aa” in Table 4 are reported relative to this zero-error reference.
By construction, the 0% row has Aa” = 0.
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Table 4. Analytical SCR input error sensitivity and closed-loop stability status of the scheduled GFM
weight at true SCR = 3, P" = 0.60 p.u., Q" = 0, reference weight a’(3) = 0.7273.

ESt]i;rn:)trion Sggslzcsrtii]iz:te Scheduled & Signed Aa’" |Ax’| vs. 0% Min £ 40, maxRe(A;) s™!)  System Stable
0% 3.000 0.7273 +0.0000 0.0000 0.6938 —1.9505 Yes
+5% 3.150 0.7000 —0.0273 0.0273 0.7203 —2.5021 Yes
—5% 2.850 0.7545 +0.0273 0.0273 0.6762 —1.4754 Yes
+10% 3.300 0.6727 —0.0545 0.0545 0.6729 -3.1215 Yes
-10% 2.700 0.7818 +0.0545 0.0545 0.6828 —1.0878 Yes
Note: The reference basis for all deviations is the zero-error case, in which SCR,, = 3.000 and
a’ =0.7273. Signed A" = a” (SCR,,;) — a"(3). For each listed input, & = (7 — SCR,,) /5.5. These values
are calculated directly from the scheduling law in Equation (20). The closed-loop stability status is
obtained from the complete dg model of Section 2.3.1. The stability criterion is max;Re(A;) < 0 for the
closed-loop eigenvalues and {4, > 0 for the dominant synchronization-mode damping ratio. The
operating point is P* = 0.60 p.u. and Q" = 0, and no simultaneous grid strength step is applied.
For each of the five error cases, the closed-loop stability is evaluated using the complete
dq model of Section 2.3.1. The system is classified as stable if
mlaxRe()\,-) <0, (31)
where A; are the eigenvalues of the closed-loop Jacobian, and the dominant synchronization-
mode damping ratio ¢ ,,, = —Re(Ayp) /A gom! is positive.
In all five cases, all active eigenvalues lie in the open left-half plane, and the dominant
synchronization-mode damping ratio remains positive.
3.7. Quantitative Comparison
Table 5 lists the quantitative transient performance indices under Case 1, Case 3, and
Case 4. Case 2 is not included because it only compares AFSC with and without the weight
LPF under identical response templates; it is discussed separately in Section 3.3.
Table 5. Quantitative comparison of transient performance for different control strategies.

Case Index Pure GFL Pure GFM FTS AFSC
Case 1 PCC voltage oscillation amplitude/p.u. 0.063 0.008 0.021 0.019
Case 1 Active power recovery time/s 1.8 3.5 2.1 2.3
Case 1 Maximum current impulse/p.u. 1.08 1.02 1.15 1.05
Case 3 Voltage recovery time/s 0.85 0.62 0.70 0.68
Case 3 Peak reactive power injection/p.u. 0.31 0.29 0.30 0.32
Case 4 Maximum DC-link deviation/p.u. 0.010 0.008 0.009 0.007
Case 4 Maximum grid-connected active power deviation/p.u. 0.018 0.025 0.020 0.015

Note: The current impulse of FTS at the switching instant is 1.15 p.u., significantly higher than that of
AFSC. The active power recovery time of AFSC lies between those of pure GFL and pure GFM because
AFSC retains part of the fast-response characteristic of the GFL channel. Current limiting reshapes
the VSG power angle curve and transient stability boundary; therefore, subsequent engineering
evaluations should supplement the transient stability margin index under current-limiting modes.

4. Conclusions

This paper has proposed an adaptive GFL/GFM fusion control method based on online
SCR identification to address the stability degradation of PV-BESS grid-connected systems
under weak-grid conditions. The main conclusions are as follows.
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(1) Small-signal analysis shows that increasing the GFM weight can significantly improve the
phase margin under low-SCR conditions. When SCR = 1.8, increasing « from 0 to 0.75
raises the PM from 8° to 37°, providing a quantitative basis for tuning the fusion weight.

(2) The parameter tuning criteria derived from the phase margin analysis (SCR,,, = 1.5,
SCRye, =7and T, = 0.5 s) are case-specific settings for the investigated 500 kVA param-
eterized case. These values reflect the specific stability margins, controller bandwidths,
and operating conditions of this case. They are not claimed as universal thresholds or
as a transferable parameter set for other PV-BESS systems. A different converter rating,
grid impedance, controller bandwidth, or identification scheme requires its own phase
margin assessment and parameter selection.

(3) The continuous weight function and first-order low-pass filter jointly constitute the
core of the fusion algorithm, enabling the smooth transition of the modulation wave
between GFL and GFM. For the prescribed SCR scheduling trajectory used in the
reduced-order study, the 0.5 s refresh period and weight filtering produce the smooth
adaptation of the GFM weight; in Case 1, the maximum current impulse is reduced
from 1.15 p.u. under FTS to 1.05 p.u. under AFSC.

(4) The simulation results under four operating conditions demonstrate the effectiveness
of the proposed method. Under weak-grid conditions, the PCC voltage oscillation
amplitude is approximately 30% of that under pure GFL control, and active power
tracking is faster than under pure GFM control. For prescribed SCR input errors of
110%, the scheduled GFM weight changes by at most 0.055 relative to the zero-error
reference, while the complete dq state-space model remains stable for all five evalu-
ated error cases. As high-penetration renewable energy systems evolve toward lower
inertia and higher power electronics penetration, future work should further verify the
proposed method in multi-converter parallel systems, protection coordination, and
grid code-constrained scenarios [41].
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Abbreviations

The following abbreviations are used in this manuscript:

PV-BESS  Photovoltaic battery energy storage system

AC Alternating current

DC Direct current

FTS Fixed-threshold switching
GFL Grid-following

GFM Grid-forming

LC Inductor—capacitor

LVRT Low-voltage ride-through
PCC Point of common coupling
PLL Phase-locked loop

PM Phase margin

PV Photovoltaic

PWM Pulse-width modulation
SCR Short-circuit ratio

S0OC State of charge

VSC Voltage-source converter
VSG Virtual synchronous generator
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