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Abstract—This paper presents a trajectory sensitivity-based
approach for determining the critical value of the Short-Circuit
Ratio (SCR) for Grid-Forming (GFM) and Grid-Following (GFL)
converters, along with their comparative stability analysis. A
trajectory sensitivity-based stability index, « is derived from the
inverse of Lo-norm of state sensitivity trajectories to identify
the critical SCR at which instability occurs. Existing studies
determine this critical value by linearly extrapolating o to zero;
however, this assumption of linearity between o and the system
parameter is not always valid. To address this limitation, this
work proposes a revised approach based on the o curve, provid-
ing a more accurate representation of the instability boundary.
The proposed approach is validated using Virtual Synchronous
Generator (VSG)-based GFM and conventional GFL configura-
tions, where results demonstrate improved accuracy in estimating
the critical SCR and capture the distinct stability trends of GFM
and GFL converters with respect to grid strength.

Index Terms—Grid-following converter (GFL), grid-forming
converter (GFM), short-circuit ratio (SCR), trajectory sensitivity,
virtual synchronous generator (VSG).

I. INTRODUCTION

Driven by the rapid increase in renewable generation, Grid-
Forming (GFM) and Grid-Following (GFL) converter tech-
nologies have become indispensable to the operation and
stability of modern power systems [1]-[3]. With this shift
towards converter-dominated operation, system stability has
become increasingly sensitive to grid strength [4], [5]. In this
context, the dynamic response of GFM and GFL converters to
variations in grid strength differs significantly. GFM convert-
ers, which impose their own voltage and frequency references,
generally exhibit better stability under weak-grid conditions
but can become unstable as the grid becomes stronger due
to reduced damping and controller interaction with the stiff
voltage source [6], [7]. In contrast, GFL inverters, which
synchronize to the grid, tend to be stable in strong grids
but may lose stability in weak grids because of the adverse
interaction between the PLL and current control loops [6],
[4]. This contrasting behavior highlights the importance of
systematically studying inverter stability as a function of grid
strength.
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The Short-Circuit Ratio (SCR) is the most widely used
indicator of grid strength, defined as the ratio of the rated
apparent power of the grid to the short-circuit power at the
point of interconnection [5]. A smaller SCR corresponds to a
weaker grid and vice versa [8]. In practice, power system plan-
ners and grid codes often specify minimum SCR thresholds
for stable converter operation (for instance, SCR < 3 often
indicates a weak grid) [9], [10]. However, these thresholds
are typically derived empirically or from limited simulation
studies, lacking a unified analytical basis. Consequently, de-
termining the critical SCR, the value of SCR at which the
system transitions between stability and instability, remains
an open and practically important problem.

Existing techniques for assessing inverter stability under
varying SCR include small-signal eigenvalue analysis, network
based analysis and time-domain simulations [6], [11], [12].
While eigenvalue analysis provides valuable insights near
equilibrium points, it relies on system linearization and cannot
capture nonlinear or large-signal behavior. Time-domain simu-
lations, although comprehensive, are computationally intensive
and offer limited interpretability.

To overcome these limitations, Trajectory Sensitivity Analy-
sis (TSA) provides a powerful nonlinear framework to evaluate
how parameters, such as SCR, affect system trajectories over
time. In contrast to eigenvalue-based small-signal sensitivity
methods, TSA accounts for nonlinearities, operating point
shifts, and control saturation effects. TSA measures the sen-
sitivity of state trajectories to parameter variations, enabling
the identification of critical parameter values where system
responses become unbounded or unstable [13]. In earlier
studies, the Lo-norm of trajectory sensitivities has been used
as a measure of system energy response, with its reciprocal,
denoted as « serving as a stability index [14]. A smaller value
of « indicates higher sensitivity and proximity to instability.
Conventionally, o is computed for two nearby parameter
values, and the critical parameter is found by linearly ex-
trapolating « to zero [15]. However, this linear extrapolation
assumes a linear dependence between « and the parameter,
which is not always valid. Moreover, in some cases, the



a-curve may not intersect zero at all, making extrapolation
unreliable. This paper proposes a TSA-based framework to
evaluate the stability boundaries of GFL and GFM inverters
with respect to SCR. Instead of relying on two data points
and linear extrapolation, the proposed method computes «
over a range of SCR values and identifies the minimum
of the a-curve as the critical point. This approach captures
the nonlinear relationship between a and SCR, providing
a more realistic estimation of the instability boundary. The
methodology is validated through converter-based case studies,
where Virtual Synchronous Generator (VSG)-controlled GFM
and PLL-based GFL configurations are analyzed.

Contributions

The main contributions of this paper are:

1) A trajectory sensitivity analysis framework to study the
impact of SCR on the dynamic performance of GFL and
GFM converters.

2) A novel trajectory-sensitivity-based stability index for-
mulated as the inverse of the Lo-norm of sensitivity
trajectories for critical parameter identification.

3) An analytical method for determining critical SCR
thresholds for both inverter types, eliminating reliance
on empirical formulas.

II. MATHEMATICAL BACKGROUND

To analyze the influence of the short-circuit ratio (SCR) on
converter dynamics, a converter connected to an infinite bus
through a grid impedance is considered. The grid impedance
is parameterized by SCR as

V2
Z, =Ry +jX, = —Lase__ 1
9= M T IRe =g " SCR M
where Vjgse and Spqse denote the nominal voltage and appar-
ent power, respectively.

A. Grid-Forming (GFM) Converter Model

For Grid-Forming converter(s), a Virtual Synchronous Gen-
erator (VSG) configuration is adopted in this work. The model
comprises power—frequency control (swing equation), voltage
control, current control, and filter dynamics in the dg-reference
frame. The detailed VSG-based GFM model is taken from [16]
and can be represented in a generic nonlinear form as

term(t) = ferm(zarm, SCR,t) 2

where rgry € R™ is the state vector given by

rarm = Vodg, Levdg> Vdgs Lodg, Ovsa, Edg,wvsa]  (3)

and t € Rt denotes time. The states Vodq and 1,4, are the PCC
voltage and grid current in the dg-frame, I.,44 is the converter
current, g, and &g, are the current and voltage controller
states respectively, dys¢ is the VSG angle, and wy g¢ is the
frequency of VSG. The system is governed by a set of twelve
nonlinear differential equations, with fopras : R+ 5 R,
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B. Grid-Following (GFL) Converter Model

The Grid-Following converter operates as a current-
controlled voltage source synchronized to the grid via a Phase-
Locked Loop (PLL). Its mathematical model, expressed in
the synchronous dg-frame, comprises nonlinear differential
equations governing the filter currents, dc-link voltage, and
PLL dynamics. Detailed formulations and small-signal repre-
sentations can be found in [17]. For TSA implementation, the
GFL system is expressed in the same generic form as

tarr(t) = farL(zarr, SCR,t) €]

where rgrr € R” is the state vector given by

rarr = [Vodg Levdgs Ydgs Lodq, OPLL, €PLL) ®)

with forr : Rt — R» being a set of ten nonlinear
differential equations. The states 0py; and eprz denote the
PLL phase angle and integral state, respectively.

III. PROPOSED TRAJECTORY SENSITIVITY-BASED
METHOD

This section presents the proposed trajectory sensitivity-
based framework for accurately determining the critical short-
circuit ratio (SCR) of both Grid-Following (GFL) and Grid-
Forming (GFM) converters. The method relies on the sensi-
tivity of system trajectories with respect to SCR, represented
by the trajectory sensitivity functions, to construct a stability
index that quantifies the converter’s proximity to instability.
Unlike the conventional approach, which linearly extrapolates
the stability index to zero, the proposed method evaluates
its full nonlinear trend to determine the critical SCR more
reliably.

A. Trajectory Sensitivity Formulation

For a general nonlinear dynamic system expressed in (2)
and (4), the sensitivity function of the state vector z(t) with
respect to SCR as per [13] is defined as

_ oult)
Taking the time derivative of (6) gives:
o Of of _

where % represents the system Jacobian and % denotes
the explicit parameter dependence through the grid impedance
with x € {zgrm, TorL} and f € {farm, forL}

This step transforms the algebraic sensitivity definition in
(6) into a set of differential equations (7) that are integrated
simultaneously with the original system (2) and (4), enabling
the computation of sensitivity trajectories in the time domain.
The sensitivity trajectories s(t) grow rapidly when the system
approaches instability, thereby providing a quantitative indica-
tor of stability margin.



B. Trajectory Sensitivity-Based Stability Index

To measure the overall sensitivity over a finite simulation
period [0,7], the Lo-norm of the trajectory sensitivities is
computed as

- 1/2
||3(t)||2 = (/ |5(t)||2dt> V't > tdisturbance (8)
0

A stability index, denoted as «, is defined as the inverse of

this norm: 1
a= ———— ©)]

max||s(t)]|2
A larger value of o corresponds to smaller trajectory sensitivity
and hence higher stability, while smaller « indicates proximity
to instability. At the critical SCR, where the system transitions
to instability, o approaches a minimum or tends to zero.

C. Conventional linear extrapolation method

Conventionally, the critical value of a parameter is de-
termined by computing « at two nearby values ki, ko of
a parameter and linearly extrapolating it to zero [15]. This
approach assumes a linear relationship between « and a
parameter under consideration. For SCR, the critical value of
SCR is given by:

a(SCR™) ~ k1 (SCR®™) + ks, (10)

which leads to an estimated critical SCR given by the zero-
crossing of the fitted line. However, practical converter systems
exhibit nonlinear behavior near the stability boundary due to
controller interactions, saturation effects, and grid dynamics.
Consequently, the linear assumption may yield significant
estimation errors or fail to detect instability if the a-curve
does not intersect zero.

D. Proposed Nonlinear o-Curve method

The proposed method addresses the limitation by evaluating
« over a range of SCR values

Q = [SCRuin, SCRumax] C RT. (11)

to obtain its nonlinear variation to obtain a-curve, given as

A= a(Q) = {a(SCR) eRT | SCReQ}.  (12)

The critical SCR is then determined as the SCR value
corresponding to the minimum of this curve:

prop _ :
SCR = argmin a(SCR). (13)

crit
The SCR corresponding to the minimum of the a-curve is
treated as a candidate critical point and is subsequently verified
through time-domain simulation to confirm loss of bound-
edness. This approach eliminates the need for extrapolation
and captures the actual nonlinear trend of the stability index.
The resulting a-curve provides a more physically meaningful
depiction of the stability boundary, as it inherently reflects the
converter—grid interactions over the entire SCR range.
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IV. RESULTS AND DISCUSSION

To validate the proposed trajectory-sensitivity-based frame-
work, time-domain simulations were performed for both GFM
and GFL converters connected to an infinite bus. The studies
were carried out in MATLAB using averaged models of
the converters. To excite the dynamic response, the system
was subjected to a voltage dip at ¢ = 1 s, reducing the
voltage from 1 p.u. to 0.7 p.u. for 0.05 s. For each simulation,
2xarm(t), rarr(t), Seram(t), and Sgrr(t) were computed
by numerically integrating (2), (4), and (7) using a fourth-
order Runge—Kutta solver with a fixed step size of 50 us.
Subsequently, for Q = [1,20], the a-indices were calculated
using (12). The resulting o values were plotted against SCR to
form the a-curve for both configurations. The converter and
system parameters used in the simulations are summarized in
Table I, while the remaining parameters are consistent with
those reported in [16] and [17].

TABLE I
CONVERTER AND SYSTEM PARAMETERS

Parameter Value
Rated Power, Spase 1 MVA
Rated Voltage, Viqse 690 V
VSG Inertia Constant, T, 2s
Damping Coefficient, Ky 10
PLL Controller gains, K, pr.r., K prL 1, 10
Current Controller gains, Kpc, Kjc 0.1, 10
Voltage Controller gains, Kpy, Ky 10, 10

A. Grid-Forming Converter (GFM) Results

Figures 1- 4 present the results for the VSG-based GFM
converter. The a-curve in Fig. 1 demonstrates a distinctly
nonlinear dependence on SCR. The GFM converter exhibited
a tendency to lose stability as the grid became stiffer, which
is in accordance with an inherent characteristic arising from
reduced virtual damping and control interaction with a grid
voltage source [6]. On the other hand, it remained stable
under weak-grid conditions. The conventional linear extrap-
olation method predicted a critical value of SCR.Y = 9.47.
However, the proposed nonlinear approach identified the true
critical SCR as SCRE°P = 11.95, corresponding to the
minimum of the a-curve. This discrepancy confirmed that «
did not vary linearly with SCR near the instability boundary.
To verify the predicted critical SCR, time-domain simulations
were performed at different SCR values and at the critical
values of SCR estimated using conventional SCRS%Y and
proposed SC'RE°F methods. The transient responses of the
virtual rotor angle dygg and frequency deviation Awygg,
shown in Figs. 2 and 3 indicate that for SCR < 11.95,
the system remained stable with well-damped oscillations. At
SCR = 11.95, oscillations in dygg and Awyge diverged,
indicating the onset of instability and confirming the predicted
critical SCR.

The phase portrait in Fig. 4 further supports this observation.
Trajectories corresponding to the stable case did not converge

to the equilibrium point but exhibit outward spiraling motion.
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Fig. 1. Variation of the trajectory-sensitivity-based stability index o with SCR
for VSG (GFM).
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Fig. 2. Virtual rotor angle response of VSG under varying grid strengths.

This shift represents a change in the initial value of the virtual
rotor angle, leading to a new steady state in the stable case,
while, in the unstable condition, the trajectories diverged.

B. Grid-Following Converter (GFL) Results

The corresponding results for the GFL converter are de-
picted in Figs. 5— 8. Similar to the GFM case, the a-curve
in Fig. 5 exhibits strong nonlinearity. In contrast to GFM
behavior, GFL converters maintained stability under strong-
grid conditions but lost synchronism in weak grids due to
adverse coupling between the PLL and current-control loops.
The conventional linear extrapolation method estimated the
critical SCR as SCRSLY = 2.96, while the proposed non-

crit
linear method identified SCRY°F = 1.24. The lower critical
SCR obtained through the proposed approach aligns with the
expected weak-grid instability characteristics of GFL convert-
ers. Figures 6— 7 show the PLL angle 6py; and frequency
deviation Awpy responses at different grid strengths. For
SCR > 1.24, the system exhibited well-damped behavior,
whereas at SCR = 1.24, the PLL response diverged rapidly,
leading to loss of synchronization. The phase portrait in Fig. 8
confirms this behavior, where the unstable trajectory moved
far away from equilibrium, representing PLL-driven instability
in weak-grid conditions, in accordance with the Lyapunov’s
stability theory.

These results verify that the proposed a-curve-based es-
timation captures the critical stability boundary more accu-
rately without relying on linear approximations. It provides a
continuous and physically interpretable stability margin across
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Fig. 3. Frequency deviation of VSG under varying grid strengths.
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Fig. 4. Phase portraits illustrating stability transition in VSG (GFM).

the entire SCR spectrum, revealing the converter’s nonlinear
response characteristics.

Table II summarizes the critical SCR values obtained from
both the proposed a-curve method and the conventional linear
extrapolation method. The extrapolation approach tends to
either overestimate or underestimate the critical point, partic-
ularly when the a—SCR relationship is nonlinear.

TABLE 11
COMPARISON OF CRITICAL SCR ESTIMATION METHODS

Converter Type Conventional Proposed Method
GFM (VSG-based) 9.47 11.95
GFL (PLL-based) 2.96 1.24

Overall, the proposed trajectory-sensitivity-based a-curve
method successfully captures the contrasting stability trends
of GFM and GFL converters. Unlike the conventional linear
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Fig. 5. Variation of the trajectory-sensitivity-based stability index o with SCR
for PLL-based GFL.
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Fig. 6. PCC angle response of GFL under varying grid strengths.
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Fig. 7. Frequency deviation of GFL under varying grid strengths.

extrapolation approach, it inherently accounts for nonlinear
converter—grid interactions, providing more accurate and phys-
ically meaningful critical SCR estimations.

V. CONCLUSION

This paper introduces a trajectory sensitivity-based method
for evaluating the critical SCR of GFL and GFM inverters.
By employing the Lo-norm of sensitivity trajectories and a
new stability index, «, the proposed framework identifies the
instability threshold without reliance on linear approximations.
It offers deeper insight into the evolution of sensitivity trajecto-
ries near the stability boundary, establishing a unified analyti-
cal framework for assessing converter stability as a function of
grid strength. Future work will extend the proposed TSA-based
framework to multi-parameter sensitivity analysis, including
grid X/R ratio and validate against experimental hardware
while also applying it to IEEE benchmark systems, where
network topology, multiple converters, and interaction effects
may further influence a-curve characteristics. Additionally,
further theoretical investigation of a-curve behavior near the
stability boundary will be pursued to enhance the robustness
of critical parameter identification.
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