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Abstract

With renewable integration and zero-carbon microgrids achieving 100% penetration, con-
verter-dominated systems exhibit millisecond-timescale transient synchronization, which
challenges existing physical cognitive methods and cognitive methodology with the syn-
chronous generator (SG). In this paper, in order to quantificationally analyze the transient
synchronization, a unified framework has been proposed that combines the generalized
participation factor (GPF) method and basin of attraction (BOA) boundary analysis using
the manifold approach. According to the GPF and BOA analyses, the fourth-order models
are essential for accurate stability quantification, with synchronization controls (PLL,
VSG, and droop control) contributing greater than 70% to transient dynamics versus
about 20% from power-balance interactions. Further, the dynamic security region (DSR)
is redefined by two typologies. Type 1 DSR maps stability in active-power injection space,
and Type 2 DSR (generalized DSR) delineates limits in the controllable parameter space.
The estimation procedures are proposed for these two types of DSRs by the BOA method.
Finally, electromagnetic transient simulations and critical clearing time validation are em-
ployed for fidelity verification of models and estimation approaches. To sum up, the pro-
posed novel framework enables systematic DSR estimations for renewable-rich power
systems, empowering grid operators to optimize converter-controllable parameters and
system operation conditions.

Keywords: GFL/GFM converter; transient synchronization stability; various control
strategies; controlling unstable equilibrium point; generalized participation factor;
manifold

1. Introduction

Under the background of carbon-peaking-neutrality goals and the new-type power
system construction, converter-based renewable resources have continuously developed
and been utilized, mainly including wind and photovoltaic resources. In China, the in-
stalled capacity of renewables has accounted for approximately 42% of the total. At the
macroscale, the power system has been gradually governed by converter-based power
generation with the continuous increase in renewable generation installation [1-3]. At the
microscale, there have emerged zero-carbon microgrids (green electricity-hydrogen
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interaction industrial estate) with a high proportion of renewable energy (wind, solar, and
hydrogen energy), even reaching as high as 100% [4]. Different from classical systems
dominated by the synchronous generator (SG), the timescale of the transient synchroni-
zation has reduced to the millisecond level for renewable-rich systems, which poses a
great challenge to stability analyses and stabilization control [5,6].

For converter-based generation, the dynamics have been determined by the control
strategies and control parameters of the converter. Synchronization strategies have cate-
gorized these systems into two representative types: grid-following (GFL) and grid-form-
ing (GFM) converters [7]. The GFL converters tracked the phase of the voltage at the point
of common connection (PCC) by the phase-locked loop (PLL) to achieve synchronization
with the grid. The GFM converter achieved synchronization by the virtual synchronous
generator (VSG) control, drop control, etc. It has been designed by simulating the dynamic
characteristics of the SG. Consequently, modeling and quantitative analyses of the GFL
and GFM converter-based systems have been crucial for the transient synchronization sta-
bility of renewable-rich power systems.

Over the past century, for the SG, pioneers have constructed fifth-order models (sub-
transient, transient, and synchronous dynamics) and third-order models (transient and
synchronous dynamics), as well as the swing equation depicting synchronous dynamics
for the SG based on the physical dynamic characteristics [8]. Analogized to the SG, the
transient reduced-order models of the GFL and GFM converter have been established. For
GFL converters, the prevalent 2nd-order model that only considers the dynamics of the
PLL has been established by ignoring the voltage control loops and the current control
loops. As the 2nd-order model is similar to the swing equation, classical stability analysis
methods have been adopted to analyze the transient synchronization mechanism of the
GFL converter-based system, such as the energy function and equal area criterion (EAC)
[9-13]. However, the equivalent damping of the GFL converters was state-dependent and
could be positive or negative during the dynamic processes. The indefinite damping could
lead to the analysis results being sometimes conservative and sometimes optimistic. Thus,
the energy function and EAC method may be unsuitable for quantification analyses, e.g.,
the estimation of the basin of attraction (BOA) [1]. For GFEM converters, as VSG was de-
signed to simulate the SG’s dynamics, most studies directly omitted the role of other con-
trol loops, and thus derived a 2nd-order model, which was completely consistent with the
classical swing equation. In this respect, based on the 2nd-order model, the existing re-
search studied the transient synchronization stability of GFM converters by applying clas-
sical methods, including the energy function, EAC, phase portraits, etc. [14-17]. Mean-
while, similarities and differences have been addressed in the transient synchronization
between GFM and GFL converters [13,18]. However, the existing studies for the GFM con-
verter have not considered the dynamics of the DC capacitor. What is more, the effects of
diverse control loops on transient synchronous behaviors have not yet been fully uncov-
ered. Thus, the widely used 2nd-order equation was overly simplified and cannot fully
describe the transient synchronization behaviors of the GFM converter. It was unsuitable
for quantification analyses.

Consequently, both GFL converters and GFM converters achieved synchronization
through controls, which was fundamentally different from the SG, which was the electro-
mechanical-magnetic conversion apparatus. The timescale separation was not obvious
and was greatly affected by the controller’s parameters, and thus, the couplings between
each loop cannot be ignored. In addition, the converter includes two synchronous control
structures (GFL and GFM), and the outer control strategies were also not the same. There-
fore, the physical functions and coupling characteristics of diverse control loops in the
converters are still unclear. Reduced-order models have not yet been constructed for
quantification analyses of transient synchronization.
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Taking the BOA analysis as the foundation and going further, the dynamic security
region (DSR) analysis and its estimation have been widely studied and applied in the en-
gineering practice within the SG-dominated power system [19-21]. The DSR and BOA can
be seen as sister concepts. The BOA depicted the stable region with the state variables.
Correspondingly, the DSR was defined in the space composed of the active power of the
SG that can be adjusted for power [19]. It has been an important tool for dispatchers to
prevent the development and expansion of transient accidents. The DSR of the GFL con-
verter system was preliminarily studied in [22]. Recently, a practical DSR model has been
proposed by a physical and data-driven method, which was focused on the SG-dominated
power grid [23]. Therefore, the literature has paid attention to transient synchronization
mechanism analysis, while the quantification analyses and DSR estimation have been
overlooked for converter-based systems.

To overcome these obstacles, the DSRs for renewable-rich power systems have been
enriched and redefined by the BOA analysis. The main contributions and novelties of this
article can be summarized as follows:

(1) Unified reduced-order modeling. For GFL and GFM converter-based systems, the
reduced-order models have been uniformly established by the generalized participation
factor and the manifold methods. Analyses reveal that the synchronization control loops,
including the PLL, VSG, and droop control, govern transient synchronization as the pri-
mary mechanism, with power-balance dynamics acting as the secondary dominant factor.

(2) Boundaries of the BOA approximation. The boundaries of BOAs are approxi-
mated via the manifold method. Based on the BOA analyses, model fidelity is validated
through cross-verification of dominant state variables and BOA analyses. Synthesizing
results from BOA geometry, large-signal trajectory, and critical clearing time validation,
the 4th-order models are proven essential for precise DSR approximation in both GFL and
GFM systems.

(3) DSR concept formulation. Extending classical SG-dominated paradigms, two DSR
typologies have been established for renewable-rich power systems. Among them, Type
1 DSR delineates security boundaries in the active power plane of the converter. Mean-
while, Type 2 DSR encapsulates stability limits within the parametric space of dominant
control loops (e.g., PLL, VSG, and droop control).

The remainder of this paper is structured as follows. Section 2 establishes the re-
duced-order models uniformly by generalized participation factor analysis. Then, the
BOA analysis is conducted in Section 3, separately for the GFL and GFM converter-based
systems. In Section 4, two types of DSR are defined and approximated, and simulation
validation is also conducted. Finally, discussions and conclusions are given in Sections 5
and 6, respectively.

2. Unified Modeling of GFL and GFM Converter Systems Based
on CUEP

In the literature, transient synchronous stability can be intuitively formalized as fol-
lows: The system maintains stability if its post-fault state trajectory is located within the
stability domain of the after-fault system. Thus, transient stability assessment does not
require precise estimation of the full stability domain of the stable equilibrium point after
a fault, but focuses on the stability boundary of the area near the exit point (the intersec-
tion point between the fault trajectory and the boundary of the BOA). Therefore, precise
estimation of the stability domain near the CUEP becomes of great importance. Therefore,
this section first introduces a generalized participation factor (GPF) analysis method based
on the controlling unstable equilibrium point (CUEP). Thus, the reduced-order models
can be established both for GFL and GFM converter-based systems, which can be used to
estimate boundaries of the BOA and DSR.
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2.1. Generalized Participation Factor Analysis Method Based on the Manifold of CUEP

The exit point is located on the CUPE’s stable manifold, where the fault trajectory
intersects the stable manifold of CUPE. Crucially, the unstable manifold of the CUEP rep-
resents the instability direction and mode of the system, as shown in Figure 1. In Figure 1,
the relationships of stable trajectories, unstable trajectories, unstable equilibrium points,
and exit points are visualized. In Figure 1, the green solid line represents the stable trajec-
tory while the red dashed line depicts the unstable trajectory. It can be seen that the un-
stable trajectory is approaching the unstable manifold of the CUEP. Thus, the unstable
manifold at CUEP determines the instability mode of the system. Although the unstable
manifold does not describe the exact post-fault trajectory, the during-fault trajectory ap-
proaches it as time goes by. By studying the local manifolds of the nonlinear system line-
arized at the CUEP, the dominant transient stability behaviors of the system can be re-
vealed. Consequently, state variables that exhibit strong correlation with this instability
mode (the unstable manifold) can be identified as key variables and control loops govern-
ing the system’s transient synchronization dynamics.

Unstable manifold

WU

Unstable trajectory T

-
Equilibrium point

u Ws

7/

/

Fault clearing point \
WS
Stable manifold

Stable manifold

Stable trajectory we

Unstable manifold

Figure 1. Schematic showing the stable/unstable trajectories and CUEP’s stable/unstable mani-

folds. The arrow indicates the direction of the trajectory's change over time.

The linear form of a general dynamic system at CUEP can be obtained by linearizing,
namely, the following;:

0 = JAx (1)

where J is the Jacobian matrix. d(-)/dt denotes the differentiating operator. A denotes the
Laplace operator. The right eigenvector z and left eigenvector yT of the unique unstable
eigenvalue u can be derived as:

Jz=pz, y'J = puy' )

In this respect, the generalized participation factor of each state variable (pr) on the
unstable eigenvalue can be defined as:

Vi Zk
b = y_z (3)
where yr and zx separately represent the left and right eigenvectors associated with the
unique unstable eigenvalue p.

From the physical interpretation of the generalized participation factor, the magni-
tude of each state variable’s participation factor for the positive eigenvalue directly quan-
tifies its contribution to the unstable manifold, thereby indicating its role in system insta-
bility. By evaluating the generalized participation factor of the unstable equilibrium point,
we can identify state variables or control loops critical to transient synchronization. Cor-
respondingly, reduced-order models can be further constructed for quantitative analyses
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of the transient synchronization stability. While the computational procedures for the gen-
eralized and classical participation factors share methodological commonalities, three
fundamental distinctions exist. Firstly, the classical participation factor derives from the
stable equilibrium point, whereas the generalized participation factor operates at the
CUPE. Secondly, for the physical interpretation, the classical participation factor measures
the contribution of each state variable to the stability manifold of the stable equilibrium
point. The generalized participation factor quantifies the contribution of each state varia-
ble to the unstable manifold. Thirdly, the classical participation factor analysis (modal
analysis) addresses the small-signal stability, while the proposed generalized participa-
tion factor targets the large-signal stability. To sum up, the proposed CUEP-based method
fundamentally differs in application and physical interpretation. As the computation pro-
cedures of the generalized and classical participation factors are the same, the sensitivity
of the proposed generalized participation factors algorithm meets the requirements.

Following this, the proposed method is applied to determine dominant control loops
and establish mathematical equations for the GFL and GFM converter-based systems un-
der different control structures. For the GFL converters, the voltage control and active/re-
active power control are analyzed. For the GFM converters, the VSG and droop control
are mainly considered. It should be emphasized that hierarchical reduced-order models
for SGs have been derived using the singular perturbation theory, which is valid based on
the fact of timescale separation. For converter-based apparatuses, the timescales of vari-
ous control loops depend on their PI gains, which leads to deep couplings between differ-
ent controls. The couplings invalidate the timescale separation prerequisite, rendering the
singular perturbation theory inapplicable for converter stability analysis.

2.2. Reduced-Order Model of the GFL Converter

The topology of the GFL converter system and its controls are depicted in Figure 2.
On the DC side, the active power Pm generated by the machine-side converter is transmit-
ted to the grid-side VSC through capacitor C. On the AC side, the grid-side converter is
connected to the grid through the filter inductor L, filter capacitor C;, and grid inductor
Lg. Within PLL control, the g-axis component Uiq of the terminal voltage Ut is always zero,
ensuring that the d-axis of the dq rotating coordinate system is always in the same direc-
tion as the terminal voltage U:. The converter on the grid side is mainly composed of con-
trol loops such as voltage/power (outer loops) control, alternating current (inner loop)
control, and PLL control. According to the functions and targets of outer control loops,
they can mainly be divided into two categories: the voltage control and power control.
The voltage outer loop controls the input terminal voltage and DC voltage, while the
power outer loop controls the active and reactive power input. The point is that they both

-ref
1‘{

-ref

output active and reactive current references, namely i;; and i, . The alternating current
control (ACC) controls the output current of the converter according to the given active
and reactive current references, outputs the modulated voltages es and eq, and then gen-

erates the trigger signal through the abc coordinate transformation and modulation.
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Figure 2. Schematic showing the GFL converter-based system and its controls.

For the GFL converter with voltage outer loop control, the nonlinear model incorpo-
rates terminal voltage control (TVC), DC capacitor dynamics, direct voltage control
(DVC), PLL, ACC, and line capacitor and inductor dynamics. Select the integrator output
of all PI controllers and the DC voltage udc as state variables, and the state-space model
can be obtained, namely, as follows:

= Xon T kppllutq 5 xp]l = kipllutq
. N -
xdvc = kidvc (udc - Z/lcrlf; )’ udc = (Pm - })c) / (Cdcudc)
ref (4)

xtvc = kitvc (utd - utd

. ref -y - ref .
xaccl = kiacc (lc;e _ld)’ ‘xacc2 = kiacc (lc:e _lq)

In Equation (4), ¢ and xp1 respectively represent the angle and frequency output of
the PLL control; xdavc and xw. respectively represent DVC and TVC integrator outputs; xacc1,2
represent the d- and g-axis controller integrator outputs of ACC. Pin and P. separately
denote the input and electromagnetic powers; Ca. denotes the DC-side capacitance; uac
and uj separately denote the DC-side voltage and its reference. uw and uj; separately
denote the d-axis component and its reference of the terminal voltage Uy utq denotes the
g-axis component of the terminal voltage Uy, ia and iq separately denote the d-axis and g-
axis components of the line current 7abe. For PI gains, kppit and kipii separately denote PI gains
of the PLL, kpave and kiave separately denote PI gains of the DVC, kpwe and kive separately
denote PI gains of the terminal voltage control (TVC), and kpacc and kiace separately denote
PI gains of the ACC. The dynamics of the line capacitor and inductor can be expressed in
the matrix form, namely, as follows:

https://doi.org/10.3390/app16042130
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d i _ L_f €4 1 Uy Wy, +o ||
5 iq - Dy || % B L[ ug " —(@, + W) iq
@y
dlug| | G Iy 1 lya Wy T @ | Uy
dr|u, | o i ] | 1| | —(@, + o) U, ®)
d igd _ Uy 1 Mgd w, +@ igd
E igq - Uy B 1 Ugg " _(a)0+a)) igq

where i4,q and igdq represent the d- and g-axis components of the line current respectively;

IS

utd,q represents the d- and g-axis components of the voltage at the PCC point. ugdq repre-
sents the d- and g-axis components of the grid voltage. The algebraic variables in Equation
(5) satisfy:

(6)

.ref . .ref .
ed :kpacc(ldre _ld)+xaccl’eq _k (lqre _lq)+x

— "pacc

cref __ _ g ref cref __ _ g ref
Iy = kpdvc (udc Uge )+ Xave s lq - kptvc (utd Uy ) + Xive
acc2

Furthermore, solving the steady-state algebraic equations derived from setting the
right-hand sides of Equations (4) and (5) to zero yields two equilibrium points. Based on
the theory of small-signal stability analysis, the equilibrium point xo with phase ¢o be-
tween 0 and /2 is the stable equilibrium point (all eigenvalues are located in the left half-
plane), while xu with phase between m/2 and m is the unstable equilibrium point (there
exist right half-plane eigenvalues). The analytical formulations of equilibrium points are
provided in Appendix A. Critically, for a single converter system, only one unstable equi-
librium point (UEP) exists, consequently serving as the CUEP. In multi-converter systems,
there exists multiple unstable equilibrium points associated with diverse instability
modes. In this respect, the CUEP can be determined by combining the fault trajectories
and BOA.

Following this, the dominant control loops of the GFL converter-based system with
the voltage outer loop control are analyzed by using the proposed generalized participa-
tion factor method. As similar timescales (associated with the bandwidth) of different con-
trol loops could deepen the couplings of dynamic behaviors, the bandwidths of control
loops are changed to make the cases general. Thus, without loss of generality, multiple
groups of parameters are selected under various conditions. The parameter sets spanning
diverse operating conditions have been evaluated, establishing conclusions with demon-
strated robustness and applicability. Taking case 1 as the benchmark, case 2 increases the
grid inductance L; for a weak grid. Cases 3 and 4 respectively reduce and increase the PI
parameters of the PLL, that is, decrease and increase the PLL bandwidth. Case 5 reduces
the PI parameters of ACC, namely, decreasing the ACC bandwidth. Correspondingly, it
can deepen the couplings between the ACC and other controls. Case 6 increases the PI
parameters of TVC. Similarly, it can deepen the couplings between the TVC and ACC.
The specific parameters can be found in Appendix B.

Table 1 shows generalized participation factors of state variables relative to the un-
stable manifold under six cases. Dominance of the state variable can be revealed by com-
bining these cases. In case 1, PLL states (¢ and xpi) and power-balance states (xave and uadc)
collectively contribute 93% (0.63 + 0.30) of system dynamics, while the sum of the other
state quantities is only 0.07. This pattern persists in Cases 2—-6 (rows 3-7), where the six-
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case average (row 8) confirms 90% dominance by PLL synchronization and power-balance
dynamics (DC capacitor plus DVC). Furthermore, the generalized participation factor of
the PLL is around 0.6, and the participation factor of the power-balancing stage is around
0.3. Consequently, PLL dynamics primarily govern transient synchronization stability,
while power-balance dynamics act as a secondary yet non-negligible contributor. Cru-
cially, control loop dominance constitutes a context-dependent concept, analogous to en-
gineering thresholds for small-signal perturbations (typically #10% of nominal values).
When the generalized participation factor exhibits order-of-magnitude disparities (e.g.,
90% vs. 10%), the state variables exceeding 90% generalized participation factor domi-
nance dictate the system’s instability dynamic behaviors.

Table 1. Generalized participation factors of the GFL converter with voltage outer control loops.

Power-Balance

No. PLL States Sum Sum of the Rest
States
No. 1 0.63 0.30 0.93 0.07
No. 2 0.62 0.29 0.91 0.09
No. 3 0.56 0.38 0.94 0.06
No. 4 0.68 0.22 0.90 0.10
No. 5 0.57 0.24 0.81 0.19
No. 6 0.63 0.32 0.95 0.05
Mean value 0.62 0.29 0.91 0.09

Therefore, control loop dominance can be ranked by generalized participation factor
values of different state variables. State variables ¢ and xpi are associated with dynamics
of the PLL, and xdvc and udc are associated with dynamics of the DVC and DC capacitor.
Meanwhile, xav is associated with dynamics of the TVC. State variables xac1,2 are associ-
ated with dynamics of the ACC. Thus, two models can be derived. One is a 4th-order
equation with higher precision considering DVC, capacitance dynamics, and PLL, as fol-
lows:

Oo=x,+k

pil T Kpputhyg

Xon = kipllulq

Z;ldc = (Pm _[)e) / (Cdcudc)

ref

xdvc = kidvc (udc - udc )

@)

where ¢ and xpi respectively represent the angle and frequency outputs of the PLL; xav.
and xwe respectively represent DVC and TVC integrator outputs; Pin and Pe separately de-
note the input and electromagnetic powers. udc and uj. separately denote the DC-side
voltage and its reference. kiave denotes the integral gain of the DVC. uy denotes the g-axis
component of the terminal voltage U:. In Equation (7), algebraic variables satisfy:

ldref = kp,dvc (udc - udcref ) + xdvc
-ref : -ref
. oL iy —U,sing+x,Li
W =
T (1-k

L,ii" —a,L,a,C,) (8)
=1
-ref

_ -ref
])e - utdld +utqlq

p.pll

Uy

For the simpler equation, it only considers PLL dynamics, namely, the following:
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.ref . .ref
. k(@ Lig —U, sing+x, L1 ) N
1-k

-ref
Loy — @ L,0,C;

pll
b o ©)
_ ipll(wOLgld —Ug sinp+x

.ref
plngld )
Xou

1-k

-ref
Liy —a,L,a,C;

ppll

where ¢ and xpn respectively represent the angle and frequency outputs of the PLL. Ct
denotes the filter capacitance, wo denotes the angular speed of the power frequency, and
equals 27t x 50 Hz. Compared with Equation (7), Equation (9) offers significant advantages
over Equation (7) in both simplicity and physical interpretability. Its structure has certain
similarities with the swing equation of the SG, which has been addressed in the literature
[9-13].

For the GFL converter with power controls, the state-space model considers the dy-
namics of the active power control (APC), reactive power control (RPC), PLL, ACC, and
LCL filter. The controller dynamics are described by Equation (10), and the line dynamics
are the same as those in Equation (5):

Q=X+ kp,pllutq”xpll = ki,pllutq

xapc = ki,apc ([)ref - Pe )’ xrpc = ki,rpc (Qref - Qe) (10)

Xocer = ki,acc (i;ef —lg)s Xy = ki;dcc (i;ef - iq)
where the xapc and xrpc are the integrator outputs of APC and RPC, respectively. The alge-
braic equation is similar to Equation (6).

Without losing generality, six groups of parameters under different conditions are
examined to evaluate robustness by changing bandwidths of control loops. Case 1 serves
as the baseline configuration, while case 2 increases the grid inductance L; for the weak
grid. Cases 3 and 4 respectively decrease and increase PI gains for the APC to weaken or
deepen the couplings between the APC and other controls. Case 5 reduces the PI gains for
RPC. Case 6 lowers ACC bandwidth through PI gain reduction to deepen couplings be-
tween the ACC and other controls. As shown in Table 2, the generalized participation
factors of PLL states (¢ and xpn) collectively reach 0.95, whereas power loop states (xapc
and xrpc) contribute merely 0.02. Crucially, across parameter perturbations in Cases 2-6,
for the GFL VSC under the power outer loop control, the PLL dynamic participation factor
accounts for about 90% of all dynamics, demonstrating that synchronization mechanisms
governed by PLL dominate transient instability regardless of control parameter variations
or grid impedance changes. Therefore, for the GFL VSC controlled by the power loop, the
2nd model that only considers the dynamics of the PLL can fully describe its dynamics.
The equation is completely consistent with Equation (9).

Table 2. Generalized participation factors of the GFL converter with power outer control loops.

Power-Balance

No. PLL States Sum Sum of the Rest
States
No. 1 0.95 0.02 0.97 0.03
No. 2 0.91 0.04 0.95 0.05
No. 3 0.94 0.03 0.97 0.03
No. 4 0.95 0.01 0.96 0.04
No. 5 0.95 0.03 0.98 0.02
No. 6 0.87 0.02 0.89 0.11
Mean value 0.93 0.03 0.96 0.04

To sum up, for the GFL converter with voltage outer control, the 4th-order model,
incorporating both phase synchronization and power-balance dynamics, accurately
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captures the original system’s behaviors. In the meantime, the 2nd-order equation isolat-
ing the PLL provides basic fidelity for transient analysis. For the power controls, the
power-balance dynamics exhibit negligible influence on the transient behaviors (smaller
than 5%), while the synchronization loop dominates (greater than 90%). In this respect,
the 2nd-order model suffices to characterize system transient synchronous dynamics.

2.3. Reduced-Order Model of the GFM Converter

Figure 3 presents the topology and control architecture of the GFM converter-based
system, featuring VSG and droop control implementations. Controls of the GFM con-
verter mainly consist of two core branches, including angle generation and internal po-
tential generation. Among them, the angle generation branch is implemented by the VSG,
droop controls, and droop controls with the additional filter. For the internal potential
generation branch, it typically applies voltage controls.

VSC
Grid o P
gabc tabc  labc
*G‘ T

A A A
PWM

_______________ .

Wp

[ PP b

P 2| s |

Wo GVSG

Figure 3. Schematic showing the GFM converter controlled by VSG and droop control.

Considering the VSG, DVC, and ACC control loops, the dynamics of the converter
controller can be described by Equation (11), and the dynamics of the line are the same as
Equation (5):

d=o,Md=P,-P -Dw
xdvc = ki,dvc (udc - ”f )’ ’/'ldc = (Pm - Pe) / (Cdcudc)
(11)

ref

. _ ref . _
xtvcl - ki,tvc (utd - utd )’ xtch - ki,tvc (utq utq

xaccl = ki,acc (i;Cf - id )7 xach = ki,acc (iL;Cf - lq)
where 6 and w respectively represent the angle and frequency of the VSG output. M and

D represent inertia and damping values of the VSG control, and xwa and xwe represent
the integrator output of the TVC. Algebraic variables in Equation (11) satisfy:

— ref _ . .
R’ef - kp,dvc (udc Uy )+ Xaves Pe = Ugly + utqlq
. _ ref . _ ref
ldref - kp,tvc (utd - utd ) + xtvc] H lqref - kp,tvc (utq - utq ) + xtvcz (12)
_ -ref . _ -ref .
€y = kp,acc (ld — ) + Xacel » eq - kp.acc (lq - lq) + Xace2

where Pret is the power reference value output of the DVC.

As shown in Figure 3, the mathematical models for the droop control with first-order

low-pass filtering and VSG control exhibit complete equivalence. The structural identity

enables parameter mapping through Equation (13), namely, as follows:
{M =1/ (k,w,)

D=1/a, ()
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Similarly, six parameter sets are examined by changing the bandwidths of control
loops. Case 1 serves as the baseline for the typical condition. Case 2 increases the grid
inductance Lg for the weak grid. Case 3 and Case 4 respectively increase and decrease the
VSG inertia constant. Case 5 reduces PI gains of ACC and, accordingly, reduces the ACC
bandwidth, which can deepen the couplings between the ACC and other controls. Case 6
increases PI gains of the TVC, namely, accelerating the response speed of the TVC, which
can deepen couplings between the TVC and other controls.

As quantified in Table 3 (Case 1, row 2), the generalized participation factors of the
VSG states (0 and w) collectively reach 0.76, while power-balance states xave and #dc con-
tribute 0.15. These dynamics account for 91% of system behaviors, with non-dominant
states comprising only 0.09. Results of the other five cases are shown in rows 3 to 7 of
Table 3. Across the six test cases, the generalized participation factors of the VSG and
power-balance states (DVC plus DC capacitor) constitute about 90% of the total participa-
tion factors, confirming their dominance in transient synchronization. Specifically, the
VSG states exhibit about 70% participation, establishing them as the primary drivers of
phase synchronization. Power-balance states contribute about 20% participation, indicat-
ing a secondary but non-negligible role.

Table 3. Generalized participation factors of the GFM converter.

Power-Balance

No. VSG States Sum Sum of the Rest
States
No. 1 0.76 0.15 0.91 0.09
No. 2 0.73 0.19 0.92 0.08
No. 3 0.77 0.12 0.89 0.11
No. 4 0.80 0.15 0.95 0.05
No. 5 0.76 0.15 0.91 0.09
No. 6 0.79 0.17 0.96 0.04
Mean value 0.77 0.16 0.92 0.08

By ranking control loops via generalized participation factors, two mathematical
models can be derived. One is the 4th-order equation with higher precision, integrating
DVC, capacitor dynamics, and VSG control, namely, as follows:

d=w

Mé= P, -P.—Do

. 1

udc = (Pm - R:) (14)
dcudc

. _ ref
Xave = Kigye (Mg —Uge )

where physical interpretations of variables and parameters can be found in Equations (11)
and (12). In Equation (14), the algebraic variables satisfy:

ref

Ref = kpdvc (udc - udc ) + xdvc
UU

L

P = £sind (15)

€

g

The other one is a 2nd-order equation with a lower order of equation, only consider-
ing the dynamics of the VSG, as shown in Equation (16). Crucially, Equation (16) exhibits
similar mathematical forms to the SG rotor swing equation. The mathematical equivalence
enables direct transplantation of classical transient synchronization stability approaches,
such as EAC, energy function, etc.
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S=w
(16)

) vy, .
Mo=P, — sind — Dw

ref
0™

where Ut and Ug separately denote amplitudes of the PCC and grid voltages. Definitions
of other variables and parameters can be found above.

3. Basin of Attraction Estimation of Converter-Based Systems

This section compares BOAs of converter-based systems by different order models.
Meanwhile, the boundaries are also numerically calculated by the electromagnetic transi-
ent (EMT) simulation method for verification. EMT simulations are conducted in
MATLAB/Simulink 2023a with a 0.1 ms time step (@ode45 function). Computations are
performed on a Win 11 (64-bit) laptop with 32 GB RAM, Intel® Core™ Ultra 9 285H CPU
processor (Santa Clara, CA, USA). Meanwhile, EMT simulations are also conducted using
RTLAB 2024.1.4 (@ode4 function, 0.1 ms time step) on a workstation for cross-verification.

3.1. Estimation of the BOA by the Method of Linear Hyperplane and Quadratic Hypersurface

According to the boundary of BOA theory, the BOA’s boundaries are composed of
the stable manifolds of all unstable equilibrium points located on the boundaries. Mean-
while, precisely estimating the BOA’s boundary near CUEP can provide an accurate judg-
ment on the dominant transient stability behavior of the system. The quadratic approxi-
mation of the boundary near CUEP can be derived by the manifold method [24], namely,
as follows:

1%@=YHX—&)+%@—XJ“NX—&) (17)

where y1 is the left eigenvector of the unstable eigenvalue u. Superscript T represents ma-
trix transposition. x represents the row vector composed of all state variables. Row vector
xu represents the unstable equilibrium point of the system. In Equation (17), the quadratic
coefficient matrix Q equals:

Q=V,'[(CO®I, +1,®C)"V,(H)] (18)

where ® represents the Kronecker product. V. represents the column-stack mapping op-
eration of the matrix, and V' denotes the inversion of V.. I. is an N-dimensional identity
matrix. Coefficient matrices C and H are variables required in the calculation process
(have no definite physical meaning) and separately equal:

C=(ul,/2-3"), H=) yH, (19)
i=I
where Hi is the Hessian matrix, and element yi is the i-th element of the left eigenvector

y1. Meanwhile, the linear approximation is further obtained by ignoring the quadratic
item, namely, as follows:

F(x)=y/(x-x,) (20)

Following this, the numerical and estimated BOAs are compared by different order
models. More detailed calculation procedures can be found in [24].

3.2. Comparisons of BOAs

Firstly, the BOAs of GFL converter-based systems by different order models are com-
pared. As shown in Figure 4, the black solid, blue dot dashed, and red dashed lines denote
the boundaries of BOAs by 13th-, 4th-, and 2nd-order models on the ¢-xpu plane, respec-
tively. The horizontal coordinate represents the periodic phase angle of the PLL, ranging
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from -7t to 7. The vertical coordinate represents the PLL output frequency. Crucially, the
4th-order model accurately approximates the full-order model’s stability boundary.
Meanwhile, it can be seen that the differences between the boundaries of the full-order,
4th-order, and 2nd-order models are small in the first quadrant. It should be noted that
the fault trajectory is generally located in the first quadrant, and thus the intersection be-
tween the fault trajectory and the BOA is generally located in the first quadrant. The BOA
in the first quadrant can be seen as the most critical region.

100 ‘ ‘ :
80 F |——— 13" order _ /: - T T~ 8
— N Unstable region
— s | — 4" order < . NS
o 0 od .= ‘ .
>~ —_ - 2% order |
T 40t 1
& .
= 201 e 1
/ ‘
8 . / i N |
> o, i/ S tableirreglon
§ 201 \ | |
g 1
g —Hor \ | i
H i
= —60 3 q
-80 F § ]
_]OO 1 1 i 1 1 L
-4 - -1 0 1 2 3 4

Phase: p[rad]

Figure 4. BOAs of different order models for the GFL converter with voltage control.

Furthermore, for the hyperplane in the @-xpn plane, the tangent hyperplane based on
the full-order model satisfies:
0.6585¢ +0.0069x , +0.2362x,,, +0.6686u,, +0.1736x,_ +0.1205x,,
+0.0885x,,., +0.0037i; +0.0027i, +0.0049, + 0.0025u,, +0.0186i, —0.1037i, =0

acc2

(21)
td
where the coefficients of the tangent hyperplane are calculated based on a group of typical
parameters.

Meanwhile, the tangent hyperplane based on the 4th-order model satisfies:

0.61019+0.0064x,,, +0.2747x,,, +0.7432u,, =0 22)

For the tangent hyperplane based on the 2nd-order model, it satisfies:
0.9999¢+0.0147x,, =0 23)

Combining Equation (22)-(24), for the coefficient of state variables ¢ and xpn (marked
by red), it can be seen that the 4th-order model can depict the full-order model well. In
addition, it can be seen that the dominant parameters of the 4th-order model are similar
to those of the full-order model.

For the GFL converter-based systems with power control, the BOAs by different or-
der models are compared in Figure 5, where the horizontal coordinate represents the
phase angle of the PLL, and the vertical coordinate represents the PLL output frequency.
In Figure 5, the black solid and red dashed lines separately denote the boundaries of BOAs
by 12th- and 2nd-order models. It can be seen that the boundary of the 2nd-order model
can depict that of the full-order model well in the first quadrant. Furthermore, for the
hyperplane in the @-xpu plane, the tangent hyperplane based on the full-order model sat-
isfies:

0.1176x,,,+0.5203x, . +0.8390¢ +0.0117x,,+0.0444x, ., +0.0100x,,

+0.00094, +0.0002i, +0.0048u,,+0.0010u,,+0.0011i,,-0.0967i,, = 0 24)

For the hyperplane based on the 2nd-order model, it is the same as Equation (24).
https://doi.org/10.3390/app16042130
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Figure 5. BOAs of different order models for the GFL converter with power control.

For the GFM converter-based systems, the boundaries of different regions are illus-

trated in Figure 6 in the 6-w plane. The horizontal coordinate represents the phase angle

of the VSG, which is periodic and ranges from —mt to 7. The vertical coordinate represents

the VSG output frequency. As shown in Figure 6, the black solid, blue dot dashed, and
red dashed lines denote the boundaries of BOAs by 14th-, 4th-, and 2nd-order models,
respectively. Meanwhile, when state variables are within the BOA, the system can con-

verge to the stable equilibrium point. On the contrary, the system can diverge when the
state variables are outside the BOA. Crucially, differences between boundaries of the full
order and 4th order are small, while the 2nd model has certain errors.

Frequency:w[rad]

40 ‘ ‘
14™ order _ _‘_ o )
20F|— — —  a"order |- 1N -~ <. Unstable region
_— — . ed - * ~.
2% order | ~.
op———— -\ Stable region N\ SN -
~ \ N\ ~
. . \‘
—20r | 1
=40 4
=601 4
=80 a
=100 s 1 1 | | | |
-1 —3

Figure 6. BOAs of different order models for the GFM converter with VSG or droop control.

For the tangent hyperplane in the 6-w plane, it can be formulized as:
0.90576+0.0512w+0.3727x,,. +0.155%u,, —0.0317x,,, +0.1116x,,, —0.0006x,
+0.0022x,,, —0.000i, +0.0007, +0.0010u,, +0.0002u,, +0.0040i,, —0.0202i, =0

tve2 accl

Meanwhile, the tangent hyperplane by the 4th-order model equals:

0.90715 +0.0519+0.3848x,,. +0.1626u, =0 (26)
And, for the tangent hyperplane based on the 2nd-order model, it satisfies:
0.99796+0.0643w=0 (27)
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Thus, based on the coefficients of state variables 6 and w (marked by red), it can be
seen that the 4th-order model can depict the full-order model well. In addition, it can be

seen that the dominant parameters of the 4th-order model are similar to those of the full-
order model.

3.3. Comparisons of Phase Trajectories Under Different Large-Signal Disturbances

In addition to the boundaries of BOAs, the fault trajectories are another determining
factor for the justification of transient stability. By the phase trajectory method, the phase
trajectories of the GFL VSC in the @-wpn plane under different large-signal disturbances
are depicted in Figure 7, where Figure 7a,b show separately the voltage dip and increase
in grid impedance. As shown in Figure 7, for the GFL converter controlled by the voltage
outer loop, the fourth-order equation can describe the dynamics in the transient process
of the original higher-order equation well. Compared with the 4th-order equation, the

2nd-order equation has a slight error, but it can basically describe the transient dynamic
process of the original equation.

60
13" order i
50F | = —— 4™ order o~
— - — - 2"order - A
z .
— 40 2 7 -
= z - >
= Z ~ 'g
g 30 z .- £
= i =
= - B
8 20r S 8
4/ ’
101
0 . . . . . - . . . . . |
0 0.5 1 L5 2 25 3 04 0.5 0.6 0.7 0.8 0.9 1
plrad] p[rad]
(a) (b)

Figure 7. Phase diagram curves of different order models for the GFL converter with voltage con-
trols. (a) Uy dips to 0.30 p.u. (b) Lg increases to 0.75 p.u.

As shown in Figure 8, the phase diagram curves of different order models are sepa-
rately depicted for the GFL converter with power controls, separately for the voltage dip
and increase in the grid impedance.

60 . . . . . . 8
12" order ——— 12" order
501 Ol —-—-- 2"order
A .
401 .
3 =2 2f
< 30 3
H £ o
s 20 &
& gl
10F 4t
0 6 s s s L L
0 0.4 0.5 0.6 0.7 0.8 0.9 1
@[rad] plrad]
(a) (b)

Figure 8. Phase diagram curves of different order models for the GFL converter with power controls.
(a) Ug dips to 0.30 p.u. (b) Lg increases to 0.75 p.u.

As shown in Figure 9, the phase diagram curves of different order models are sepa-
rately depicted for the GFL converter with power controls, separately for the voltage dip
and increase in the grid impedance. Among them, the phase trajectory of the 4th-order
equation after the fault is almost exactly the same as that of the original equation, and the
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transient phase trajectory of the 2nd-order equation is also basically close to that of the
original equation.

20,

14™ order
— ——  4"order
150 | —-— - 2"order

wlrad/s]
wlrad/s]

I I I I —3 L L L !

1.5 2 25 3 0.1 0.2 0.3 0.4 0.5 0.6
6[rad] é[rad]
(a) (b)

0 0.5 1

Figure 9. Phase diagram curves of different order models for the GFM converter with VSG or droop
control. (a) Ug dips to 0.30 p.u. (b) Ls decreases to 0.20 p.u.

3.4. Comparison of Critical Clearing Times (CCTs)

The critical clearing time (CCT) and angle (CCA) are important criteria for quantify-
ing the transient stability margin in power systems. The CCT can be estimated by deter-
mining the intersection point of the during-fault trajectory and the boundary of the BOA
(Section 3.1). Thus, this section compares the errors between the CCT estimated by differ-
ent models and the CCT obtained by electromagnetic transient (EMT) simulation, thereby
proving the accuracy of the dominant link and the equation obtained. This type of dis-
turbance only affects the system trajectory during the fault and has no impact on the stable
domain of the system after the fault. Therefore, in this section, the infinite-bus voltage Us
drops from 1.0 p.u. to 0.7 p.u. and then returns to 1.0 p.u. as the test scenario for the sim-
ulation analysis. The CCT obtained through multiple tests of EMT simulation (dichotomy)
is taken as its benchmark value. For the simulation-based method, the CCT is determined
through iterative EMT simulations. In detail, multiple simulation tests are conducted to
determine whether the system can remain stable after the chosen clearing time. After mul-
tiple simulation tests, the CCT can be narrowed within a certain range by the dichotomy.

For the GFL converter-based system under the voltage outer loop, the CCT obtained
through EMT simulation is 0.0962 s. Based on the full-order model, the 4th-order model,
and the 2nd-order model, the specific calculation results of the fault CCT obtained by lin-
ear and square estimation are shown in Table 4. It can be seen that the difference between
the CCT estimated based on the 4th-order model (considering four state variables) and
that estimated by the full-order model (considering all state quantities) is relatively small,
and the increase in estimation error is not significant. Among them, the linear estimation
shows that the difference between the two is only 0.0019 s (1.98%), and the quadratic esti-
mation shows that the difference between the two is 0.0045 s (4.68%). For the 2nd-order
equation, that is, only considering the two state variables of the PLL control link (i.e., ¢
and xpn), the error between the estimated CCT and the CCT obtained based on the full-
order model is relatively small. Among them, the linear estimation shows that the differ-
ence between the two is 0.0092 s, and the quadratic estimation shows that the difference
between the two is 0.0023 s. Compared with the 4th-order model, the estimation error of
the 2nd-order model has increased. As the boundaries of BOAs are estimated by linear
and quadratic hypersurfaces, estimated CCTs still have errors when the full-order model
is applied. When the EAC method based on the 2nd-order model is applied, the estimated
CCT is 0.0835 s with 13.20% relative errors (conservative).
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Consequently, it can be considered that the 4th-order model demonstrates structural
fidelity in capturing the transient stability boundary of the original system, while the 2nd-
order model offers computational simplicity.

Table 4. Comparison of CCTs calculated by different order models of GFL converter with voltage

controls.
Model Order Linear [s] Error [%] Quadratic [s] Error [%]
Full order 0.1051 9.25 0.1011 5.09
Forth order 0.1070 11.23 0.1056 9.77
Second order 0.1143 18.81 0.1034 7.48

For the GFL VSC under the power outer loop, the CCT obtained through EMT simu-
lation is 0.3897 s. Based on the full-order model and the 2nd-order model, the specific
calculation results of the fault CCT obtained by using linear estimation and quadratic es-
timation are shown in Table 5. It can be seen that the error of estimating CCT based on the
2nd-order equation is less than 5%. Meanwhile, for linear estimation, the difference be-
tween the CCT obtained based on the full-order equation and the 2nd-order equation is
0.0162 s. For the quadratic estimation, the difference between the two is 0.0244 s. In con-
clusion, it can be considered that the 2nd-order equation can well-describe the boundary
of the transient stability domain of the GFL converter-based system under the control of
the power outer loop.

Table 5. Comparison of CCTs calculated by different order models of GFL converter with power

controls.
Model Order Linear [s] Error [%] Quadratic [s] Error [%]
Full order 0.3900 0.08 0.4207 7.95
Second order 0.4062 4.23 0.3963 1.69

For the GFM converter-based system, the CCT obtained through EMT simulation is
1.0986 s. Based on the full-order model, the 4th-order model, and the 2nd-order model,
the specific calculation results of the fault CCT obtained by linear and quadratic estima-
tion are shown in Table 6. Among them, the difference between the CCT estimated based
on the 4th-order model (considering four state variables) and that estimated by the full-
order model (considering all state variables) is relatively small, and the increase in esti-
mation error is not significant. The difference between the linear estimates of the two is
only 0.0167 s (1.52%), and the difference between the quadratic estimates is 0.0105 s
(0.96%). For the 2nd-order equation, namely, only considering the two state variables of
the PLL control link (i.e., 0 and w), the difference between the estimated CCT obtained
and the CCT obtained based on the full-order model is relatively small. Among them, the
difference between the linear estimations of the two is 0.0595 s (5.42%), and the difference
between the quadratic estimations is 0.0514 s (4.68%). Compared with the 4th-order model,
the error of the CCT obtained by the 2nd-order equation has increased. Therefore, the 4th-
order equation can describe the boundary of the transient stability domain of the original
system quite well. Although the error of the 2nd-order equation is slightly larger, it can
basically reflect the boundary of the stable domain of the higher-order system.
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Table 6. Comparison of CCTs calculated by different order models of GFM converter.
Model Order Linear [s] Error [%] Quadratic [s] Error [%]
Full order 1.1818 7.57 1.1756 7.01
Forth order 1.1985 9.09 1.1651 6.05
Second order 1.2413 12.99 1.2270 11.69

In conclusion, the 4th-order model achieves 95% boundary fidelity in characterizing
BOAs of original converter systems. By combining results of BOA geometry, large-signal
trajectory sensitivity, and CCT validation, the 4th-order model proves essential for precise
DSR approximation, both for GFL and GFM converter-based systems. Meanwhile, for
computation burden, employing reduced-order models to determine intersections be-
tween fault trajectories and the BOA alleviates computational overhead. Specifically, the
computational efficiency has significantly improved for multi-converter systems by re-
duced-order models, which can be further studied in the future.

4. Definition and Approximation of Generalized Dynamic Security
Region of Converter-Based Systems

The dynamic security region (DSR) of the power system is a powerful tool for power
grid planning and online operation in engineering practice. It has been well-developed
and applied worldwide. DSR is of great significance for dispatchers to prevent the devel-
opment and expansion of transient accidents. For SG-dominated systems, due to local re-
active power compensation, DSR is traditionally defined within the active power injection
space of adjustable SGs, representing the set of active power values ensuring transient
stability under given fault scenarios. However, with renewable generation displacing SGs
as the primary power source, the definition of DSR should be enriched and redefined.

Transient synchronization stability refers to the ability of the grid to maintain syn-
chronism following voltage dips or short-circuit faults. Meanwhile, if the system can
maintain transient stability after a given fault (e.g., short-circuit faults are cleared by the
relay after 0.1 s), it is said that the operating state (active power injections) is dynamically
secure. In SG-dominated systems, DSR is a set composed of SG’s active powers, and is
formally defined as:

Q) = {u:d(u) e B(x, ()} (28)

where u is the active power injections of the SG. ¢(u) represents the state variables at the
moment of fault clearance. B(xs(1)) represents the BOA of the stable equilibrium point xs.

4.1. Type 1 Dynamic Security Region

Borrowed from the SG-dominated system, Type 1 DSR is also defined in the space of
active power injections, i.e., the d-axis active current reference " of the converter. There-
fore, Type 1 DSR of the converter-based system can be formalized as:

Qpsp =1y 1 P(iye) € B(x, (i)} (29)

where ¢(u) represents the state variables at the moment of fault clearance. B(xs(u)) repre-
sents the BOA of the stable equilibrium point xs. In this respect, for the power system
composed of SGs and converters, Type 1 DSR should be constituted by the reference val-
ues of the active power of the SG and the active current of the converter.

In detail, the procedure of Type 1 DSR estimation consists of six steps, as shown in
Figure 10. Firstly, the dominant state variables of the converter-based system should be
determined by the proposed GPF method, as shown in Equation (3) in Section 2. Secondly,
according to the determined state variables, the reduced-order model can be established,
as shown in Sections 2.2 and 2.3, where typical GFL and GFM converters are studied. The
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dominant state variables and reduced-order models of converters with novel controls can
be similarly analyzed following the proposed method in Section 2. Thirdly, an initial
searching parameter space of Type 1 DSR is determined according to its normal value,
where the searching space is composed of the active current reference values i;' of con-
verters. Fourthly, the boundary of BOA under the given i;' is estimated by the manifold
method, as shown in Equations (17) and (20), and Section 3. Following this, the fault-on
trajectory of converter-based systems is numerically calculated further for stability deter-
mination. Finally, judge if the converter-based systems can maintain stability after a given
fault. After examining all 7;" in the initial searching space, Type 1 DSR can be illustrated
in the space of active power injections.

Determine dominant state variables by the
generalized participation factor method
[Equation (3)]

Establish the reduced-order model for
estimation of BOA and GDSR
(Sections %2 and 2.3)

Determine the initial searching space of

. .d
active power references ( ..., refiy )

T

Calculate the estimated boundary of the
BOA [Equations (17) and (20)]

Choose the next
parameter
v A
Judge if the converter-based system can
maintain stability after a given fault

Numerically calculate the fault-on trajectory

Check if all iy
are covered

| Plot the Type-1 DSR |

End

Figure 10. The procedure of the proposed Type 1 DSR approximation method.

For the GFL converter-based system, there exists a maximum d-axis current reference
value iy, which enables the system to maintain transient stability under the given fault.
Generally, the fault can be cleared by the relay after 4-5 cycles (0.08-0.1 s for 50 Hz) in
engineering practice. In this respect, when Ug dips to 0.70 p.u., the maximum iy, is shown
in Table 7 based on the EMT simulation method and the quadratic approximation. As
shown in the third row of Table 7, the maximum iy, obtained based on the quadratic
approximation is 0.98 p.u., when Ug dips to 0.7 p.u. and recovers to 1.0 p.u. after 0.1 s.
Meanwhile, the EMT simulation result is 0.89 p.u., with an absolute error of 0.09 and a
relative error of 10.11%. Therefore, the quadratic approximation can provide a relatively
accurate DSR estimate for a single VSC system.
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Table 7. Estimated i3 under different clearing times for the GFL converter-based system with volt-

age controls.

Clearing Time [s] EMT [p.u.] Quadratic [p.u.] Absolute Error [s]Relative Error [%]

0.08 (4 cycle) 0.95 1.03 0.08 8.42%
0.10 (5 cycle) 0.89 0.98 0.09 10.11%
0.12 (6 cycle) 0.85 0.93 0.08 9.41%

For the GFL converter-based system with power control, the maximum iz is shown
in Table 8 based on the EMT simulation method and the quadratic approximation when
Ug dips to 0.55 p.u. and recovers to 1.0 p.u. after 0.1 s. As shown in the third row of Table
8, the maximum 7y, obtained based on the quadratic approximation is 0.97 p.u., while
the EMT simulation result is 0.89 p.u., with an absolute error of 0.08 s and a relative error
of 8.99%.

~max

Table 8. Estimated i, under different clearing times for the GFL converter-based system with

power controls.

Clearing Time [s] EMT [p.u.] Quadratic [p.u.] Absolute Error [s]Relative Error [%]

0.08 (4 cycle) 0.96 1.03 0.07 7.29%
0.10 (5 cycle) 0.89 0.97 0.08 8.99%
0.12 (6 cycle) 0.84 0.90 0.06 7.14%

For the GFM converter-based system with power control, the maximum 75z is shown
in Table 9 based on the EMT simulation method and the quadratic approximation when
Uy dips to 0.10 p.u. and recovers to 1.0 p.u. after 0.1 s. As shown in the third row in Table
9, the maximum 75 obtained based on the quadratic approximation is 0.92 p.u. while the
EMT simulation result is 0.85 p.u., with an absolute error of 0.07 s and a relative error of
8.24%.

Table 9. Estimated iarer under different clearing times for the GFM converter-based system.

Clearing Time [s] EMT [p.u.] Quadratic [p.u.] Absolute Error [s] Relative Error [%]

0.08 (4 cycle) 091 0.98 0.07 7.70%
0.10 (5 cycle) 0.85 0.92 0.07 8.24%
0.12 (6 cycle) 0.80 0.86 0.06 7.50%

4.2. Type 2 Dynamic Security Region (Generalized Dynamic Security Region)

As the SG can only regulate its active power to improve the stability margin of the
system, the classical DSR is defined in the space of active power injection. Converter-dom-
inated systems exhibit multidimensional controllability through power setpoints and con-
trol parameters. Inspired by this, according to the controllable parameters, Type 2 DSR
(GDSR) is defined in the space of controllable parameters, namely, as follows:

QDSR = {kcontrolled : ¢(idref) € B (xs (kcomrolled ))} (30)

where keontrolled can be chosen as kppi, kip, M, D, etc. Thus, for the power system com-
posed of the SG and converter or 100% converter-based systems, there exists Type 2 DSR,
which consists of controllable parameters. What is more, existing parameter-space stabil-
ity regions address small-signal stability and wideband oscillations, whereas the pro-
posed Type 2 DSR targets large-signal (transient) synchronization. In other words, the
controllable parameters can affect the trainset stability of the converter-based system. On
the one hand, the system can maintain transient stability after a given fault when the
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controllable parameters are within the DSR. On the other hand, the system can be adjusted
for transient stability by changing the controllable parameters.

The estimation of Type 2 DSR comprises five sequential steps analogous to the meth-
odology in Section 4.1. As illustrated in Figure 11, the procedure of Type 2 DSR estimation
consists of six steps, which similarly initiate the identification of dominant state variables
of the converter-based system. Secondly, a reduced-order model is constructed based on
the identified state variables, as shown in Section 2. Thirdly, the initial search parameter
space, encompassing controllable parameters of dominant control loops (e.g., kpp1, kipn, M,
D, etc.), is then defined. Fourthly, the boundary of BOA is estimated under specified pa-
rameter sets using the method of manifold [Equations (17) and (20)]. Fifthly, judge
whether the converter-based systems can maintain transient synchronous stability after a
given fault. After examining all the parameters, Type 2 DSR can be delineated within the
controllable domain.

Determine dominant state variables by the
generalized participation factor method
[Equation (3)]

Establish the reduced-order model for
estimation of BOA and GDSR
(Sections 2.2 and 2.3)

Determine the initial searching space of
controllable parameters (kipii, kppit, M, D, ...)

|

Calculate the estimated boundary of the
BOA [Equations (17) and (20)]

Choose the next
Judge if the system can maintain stability parameter
after a given fault A

heck if all parameters
are covered

| Plot the Type-2 DSR |

End

Figure 11. The procedure of the proposed Type 2 (GDSR) approximation method.

To validate the accuracy and effectiveness of the proposed method for estimating the
GDSR, results are compared with the proposed method and the EMT simulation method,
as shown in Figures 12-14. Crucially, the converter-based system maintains transient sta-
bility under given faults if and only if its parameter set resides within Type 2 DSR. As
shown in Figure 12, DSRs determined by the simulation-based approach and proposed
method are separately denoted by black solid and red dashed lines, where the horizontal
coordinate represents the PLL’s proportional gain kppii, and the vertical coordinate repre-
sents the PLL’s integral gain kipi. Both PI gains of the PLL are in per-unit values (p.u.). In
detail, the convert-based system can maintain stability after the given fault when the pa-
rameter set (kppit and kipit) is within Type 2 DSR, where the given fault is such that the grid
voltage dips to 0.70 p.u. and recovers after 0.10 s (five cycles). It can be seen that there is
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consistency between boundaries in simulation-based and proposed approaches. The
mean relative error is smaller than 10% with optimistic estimation.

2000 == =

Simulation-based

— — — Proposed method

1500 i
s

& 1000 B
.4'&:-

500 b

0 \
0 50 100 150 200 250
kppll [pUJ

Figure 12. Comparison of DSRs by the simulation-based (solid line) and proposed method (dashed
line) for the GFL converter with voltage control.

Figure 13 quantitatively compares DSRs derived from simulation-based approaches
(black solid lines) and the proposed method (red dashed lines) for the GFL converter-
based system conducted under power control configuration, where the horizontal coordi-
nate represents the PLL’s proportional gain kppn, and the vertical coordinate represents the
PLL’sintegral gain kipn. For physical interpretation, the convert-based system can maintain
stability after the given fault when the parameter set (kppit and kipn) is within Type 2 DSR,
where the given fault is that the grid voltage dips to 0.55 p.u. and recovers after 0.10 s (five
cycles). Meanwhile, it can be seen that there is consistency between boundaries in these
two approaches, while the proposed method gives optimistic estimations.

2500

2000

1500

k.pu [p-u-}

1000

500
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— — — Proposed method
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0 50 100 150 200 250
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Figure 13. Comparison of DSRs in the simulation-based (solid line) and proposed methods (dashed

line) for the GFL converter with power control.

Figure 14 compares DSR for the GFM converter-based system via the simulation-
based (black solid lines) and proposed method (red dashed lines). In Figure 14, the hori-
zontal coordinate represents the VSG's inertia M, and the vertical coordinate represents
the VSG’s damping D. Both the inertia and damping are in per-unit values (p.u.). For the
physical interpretation, the convert-based system can maintain stability after the given
fault when the parameter set (M and D) is within Type 2 DSR, where the given fault is
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that the grid voltage dips to 0.10 p.u. and recovers after 0.10 s (five cycles). Similarly, there
exists a small difference between boundaries in the two approaches.

In power system operations, the DSR provides two critical functions for system op-
erators. Firstly, as the power grid is constantly confronted with various disturbances and
faults, the operating state undergoes continuous changes. Thus, power grid operators can
determine whether the current operating state of the power grid is secure and whether
the power grid has a sufficient stability margin based on the pre-calculated DSR. Secondly,
when stability margins degrade below safety thresholds, the DSR can guide grid operators
to adjust the active power of generators and controllable parameters to enhance the secu-
rity margin. For instance, operators can adjust the current operating state (including
power injections and controllers’ parameters) to the geometric center of the DSR.

0.15

Simulation-based

— — — Proposed method

0.1r b

D[p.u.]

0.05

0 | | | | | | |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

M[p.u.]

Figure 14. Comparison of DSRs by the simulation-based and proposed method for the GFM con-

verter.

For Type 1 DSR, the estimated maximum iz can be set as the limitation of the active
power injection of the renewable generation. For application, when setting the operating
condition of the power system, including the economic operation and dispatching control
of the power system, etc., the Type 1 DSR provides the operating boundary for active
injection. For Type 2 DSR, the stability margin can be improved by adjusting the control-
lable parameters. Taking Figure 12 as an example, the stability margin is small with the
parameter set (kppit =50, kipn = 2000), which is critically unstable. It consists of the results in
Table 7. In this respect, the system has sufficient stability margin with the parameter set
(kppn =100, kipn = 1000), which is located at the geometric center of the DSR. As for Figure
13, the parameter set (kppn =100, kipn = 1000) is roughly located at the geometric center of
the Type 2 DSR. As for Figure 14, the parameter set (M = 0.005, D = 0.06) is roughly located
at the geometric center of the Type 2 DSR.

5. Discussion

The classic DSR is defined in the space of active power injections, while renewable-
rich power systems necessitate expanded security paradigms that accommodate the
higher-dimensional controllability of converter-based resources, including PI gains of
dominant control loops (PLL and VSG). It is worthwhile have the following discussions.

Firstly, the proposed framework comprehensively analyzes the existing typical con-
trol strategies, including the GFL converter within power and voltage controls, and the
GFM converter within the VSG and droop control. As the proposed approach is based on
the general nonlinear systems and manifold theory, the methodology remains extensible
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to emerging strategies. Several novel control strategies can be studied in the future, such
as virtual oscillator control or hybrid architectures.

Secondly, Type 1 and 2 DSRs of converter-based systems are estimated via BOA anal-
ysis using the manifold method. As the proposed approaches are based on the general
differential equation and nonlinear dynamics, the approach applies beyond single-con-
verter infinite-bus systems. For the heterogeneous multi-converter multi-bus system, the
proposed approaches are still effective, while two key issues should be addressed. One is
the determination of the CUPE. For a single-converter system, the only unstable equilib-
rium point is just the CUEP, while there exist multiple unstable equilibrium points for
networked multi-converter systems. The CUEP of the multi-converter system can be de-
termined by combining the fault trajectory and BOA, which is more complex than the
single-converter system. The other one is the estimation of the BOA. For the BOA estima-
tion of the multi-converter system, a more novel method can be adopted to estimate
boundaries of the BOA and DSR to reduce the error, such as an Al-driven method, ma-
chine learning, etc.

Thirdly, unlike conventional model-order reduction techniques (e.g., the singular
perturbation theory), the proposed method eliminates reliance on timescale separation.
The timescale separation in the SG is natural, including sub-transient, transient, and syn-
chronous states. By the singular perturbation theory, reduced-order models of the SG can
be established. On the contrary, the timescales of various control loops depend on PI gains,
which leads to deep couplings between different controls. The separation of timescale is
not valid for renewable-rich systems.

Fourthly, the developed DSR framework provides grid operators with a powerful
stability assessment tool. It enables operators to comprehensively evaluate the current op-
erating state of the power system. By characterizing Type 1 and 2 DSR boundaries, oper-
ators can gain a clear understanding of the stability margin and the potential risks associ-
ated with the current operation condition. However, at present, the article does not pro-
vide specific methods on how to control and adjust the grid based on the proposed DSR.
In light of the proposed DSRs, it is highly advisable to conduct further research on control
strategies. These strategies should focus on adjusting controllable parameters. Addition-
ally, they should also involve the adjustment of active power references. By precisely tun-
ing these factors, it is expected to enhance the stability of the power grid, reduce the prob-
ability of instability events, and improve the overall performance and reliability of the
grid operation. Further studies on control strategies can bridge the gap between the theo-
retical DSRs and engineering practice.

6. Conclusions

In summary, the article establishes a novel DSR framework for converter-based sys-
tems, advancing both methodological and conceptual foundations. Methodologically, two
novel approaches are proposed for DSR approximation. For modeling, the generalized
participation factor method is proposed for identifying dominant state variables and es-
tablishing reduced-order models in Section 2. For estimating boundaries, the linear and
quadratic hypersurfaces are proposed to estimate the boundary of BOA by the manifold
method. Conceptually, two kinds of DSR typologies are established by extending para-
digms of SG-dominated power systems. Type 1 DSR reconceptualizes active power injec-
tion space as the active-current reference space of converters. Type 2 DSR is newly defined
and encapsulates stability limits within the controllable parameter space of dominant con-
trol loops (e.g., PLLs, VSG). Together, these two kinds of DSRs extend the controllable
dimensions of the renewable-rich system and provide grid operators with a quantitative
tool to optimize converter control parameters when ensuring transient stability.
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Meanwhile, GFL and GFM converters are both analyzed by the proposed framework to
validate their effectiveness.
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Abbreviations

The following abbreviations are used in this article:

VSC Voltage source converter

GFL Grid following

GFM Grid forming

PLL Phase-locked loop

VSG Virtual synchronous generator

BOA Basin of attraction

DSR Dynamic security region

GDSR Generalized dynamic security region
CUEP Controlling unstable equilibrium point
ACC Alternating current control

TVC Terminal voltage control

DVC Direct voltage control

APC Active power control

RPC Reactive power control

EMT Electromagnetic transient

CCT Critical clearing time
Nomenclature

The following nomenclature is used in this article:

JH Jacobian matrix and Hessian matrix

LiLg Filter and grid inductor

Ct Cac Capacitors of filter and DC side

cref  .ref . .

iy 1 Active and reactive current references

id iq d-axis and g-axis components of the line current fabc
@ xpil Angle and frequency output of the PLL control

ow Angle and frequency of the VSG output

Xdve Xtve Integrator output of the DVC and the TVC
Xacel Xac2  d- and g-axis controller integrator outputs of the ACC

ref

Ude Uy, DC-side voltage and its reference
Ud U d-axis components and its reference of the terminal voltage Ut
Uitq g-axis component of the terminal voltage Ut

kppn kipn Proportional and integral (PI) gains of the PLL
kpdve kiawe  PI gains of the DVC
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kptve kitve PI gains of the TVC
kpace kiace  PI gains of the ACC
kpape kiape ~ PI gains of the APC
kprpc kipe  PI gains of the RPC
MD Inertia and damping values of the VSG control

Appendix A. Equilibrium Points

By setting the right sides of Equations (4) and (5) to zero, two equilibrium points are
analytically derived. In this respect, the stable equilibrium point can be solved from:

sing= Ly /U, (A1)

g gd

As the sine function has two solutions between 0 and 27, for the GFL converter, the
stable equilibrium point can be derived as:
p=sin" (Liy /U,),x, =
ref
xdvc = lgd 7udCO = udc

-ref

Xove = lgq ( A2)
xaccl = Lf léqO > “Yacc2 uth + Lf lé,dO
Lo = /uld07 Logo (U, COSQP—ity,)/ Lg

e N N Cittigo

And the unstable equilibrium point equals:

@=rx—sin" (Liy /U,).x, =

Xave = l;d sUgep = ”;?

. )
xaccl Lflqu’ acc2 uth + Lflng

oo /utdo, o0 (U cos (p—uum)/Lg

lyp = lgag>lgo = lgqo T Cittigo

where the stable one is located within [0, 7t], and the unstable one is located within [, 27].
For the GFM converter, the stable equilibrium point equals:

8, =sin" (L iy /U,),0=0

_ . ref
Xave = Pref sUgeo = Uge

Xpel = logos Xoey =1
tvel 2d0 > tve2 2q0
()
Xacel = Ugo L ) 2q0° Xace2 utq() +Lt lgd()

lng — tin /utdO’ qu (U COS50 _utdo)/Lg

Lgo = Iggoolq0 = lggo T Cruty
And the unstable equilibrium point equals:
8 =m—sin"'(L,iy" /U,),0=0

_ . ref
Xave = Pref sUgeo = Uge
=1 40X =1,
2d0 > tve2 2q0
(A5)
- L =u,+Li

f%gq0° ach tq0 f%gd0

lng — tin /utdO’ qu (U COS50 _utdo)/Lg

X

tvel

‘xaccl = tdO

lgo = Lggo0lq0 = lggo T Crty

Appendix B. Parameters Used for Converter-Based Systems
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GFL converter-based system (case 1): Lg = 0.5. DC voltage control: kp,dve = 2, kidve = 80;
ACC: kpace = 1.3, kiace = 670. PLL: kp,pn = 50, kipn = 2000. TVC: kptve = 0.2, kitve = 23. Active
power control: kp,apc = 0.02, kiapc = 5. Reactive power control: kp,rpe = 0.02, kirpc = 5.

Table 1: Case 2: Lg = 0.7. Case 3: kppn = 25, kipu = 1000. Case 4: kp,pu = 100, kipn = 4000.
Case 5: kpacc = 0.3, kiace = 160. Case 6: kptve = 0.4, kitve = 46.

Table 2: Case 2: Lg=0.7. Case 3: kp,apc = 0.05, ki,apc = 10. Case 4: kp,apc = 0.01, ki,apc = 3. Case
5: kprpe = 0.05, kirpe = 10. Case 6: kp,acc = 0.3, kiacc = 160.

GEM converter-based system (case 1): Ls = 0.5. DC voltage contro: kpdve = 0.2, kidve =
23. VSG: M =0.01, D =0.04. TVC: kptve = 1, kitve = 100. ACC: kpacc = 1.3, kiacc = 670.

References: 122{ =09 pu, z;eq‘ =-0214 p.u,, up=1.0 pu., uy =1.0 p-u., Prt=0.9 p.u,
Qret =-0.214 p.u., wo= 27 x 50. LCL filter: L¢= 0.1 p.u., C¢=0.05 p.u.
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