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Abstract—The integration of grid-forming (GFM) inverters
can provide voltage and frequency support for the system and
enhance system stability. However, existing transient stability
analyses for GFM and grid-following (GFL) inverters integrated
systems face challenges in rapidly estimating the stability domain,
limiting their suitability for online applications. To address
these issues, this paper quantifies the system’s transient stability
domain using the critical clearing time (CCT). By considering
the Q-V characteristics of the GFM and the power output char-
acteristics of the GFL, the structure-preserving transient energy
function (TEF) is derived based on the energy conservation law.
Then, an improved iterative potential energy boundary surface
(IPEBS) method is proposed to evaluate the CCT, which reduces
estimation errors and prevents misjudgments while ensuring
a conservative CCT estimation. Finally, simulations verify the
method’s efficiency, accuracy, and conservatism.

Index Terms—CCT, direct method, TEF, IPEBS, grid-following
(GFL), grid-forming (GFM).

[. INTRODUCTION

The adoption of low-carbon energy is imperative, neces-
sitating the integration of substantial renewable energy and
supporting resources—including wind turbines, solar arrays,
battery storage, and fuel cells—into the power system, pri-
marily through power electronic inverters [1], [2]. Within
power electronic inverter technology, grid-Forming (GFM) and
grid-following (GFL) inverters are predominantly utilized [3].
GFM inverters control the AC side voltage and facilitate the
formation of a voltage source grid, synchronizing with the rest
of the grid through frequency droop control [4]. In contrast,
GFL inverters manage the current on the AC side and track the
phase angle of the existing grid voltage using a phase-locked
loop (PLL). However, questions remain regarding the effective
integration of GFM and GFL inverters, especially in transient
situations.
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Commonly used methods for analyzing transient stability
include time-domain simulation and direct methods [5], a
study examined the influence of the phase angle of GFL-
injected current on GFM transient synchronization stability
under varying line impedances [6]. The transient stability
of power systems co-dominated by different types of GFM
devices has been investigated [7]. The interaction among the
GFM and GFL converters operating nearby was analyzed and
addressed in Ref. [8]. Further research compared the transient
energy functions of GFM and GFL systems, analyzing how
system parameters affect transient stability and deriving stabil-
ity boundaries under large disturbances [9]. Another research
quantified the impact of GFM access on enhancing system
stability from the perspective of small disturbance stabilization
and proposes a capacity allocation method aimed at improving
the SCR [10].

In summary, existing research continues to face challenges
in rapidly estimating the stability domain and accurately
quantifying the Q-V characteristics of GFM inverters and
the internal dynamics of GFL inverters, which limits its
application for online systems. This paper addresses these
challenges with the following contributions:

1) A TEF for the system based on energy conservation
law is derived, incorporating the Q-V characteristics of the
GFM inverter and the power output characteristics of the GFL
inverter as potential energy components;

2) An improved IPEBS method is proposed, which mini-
mizes potential excessive CCT estimation errors of the tradi-
tional IPEBS method;

3) The proposed TEF is verified through theoretical proofs
and simulations, while the validity of the improved IPEBS
method are confirmed across different operational scenarios.
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The remainder of this paper is organized as follows. Section
II derives the system’s TEF, Section III presents the CCT
evaluationn using the improved IPEBS method. Section IV
presents simulation results and comparative analysis. Section
V concludes the paper.

II. DERIVATION OF THE TEF

A. System Modelling

For generality, the GFM inverter implement virtual syn-
chronous generator (VSG) control [11], the per unit mathe-
matical model is described as

dé
dtl = wpAwy
dA
J=2t = Pue — P — DAw, (1)
dU
71 - eref Ql + ku(Ulref - Ul)

where §; and Awl represent the virtual power angle and the
angular frequency deviation between the GFM inverter and
the synchronized rotating coordinate system, respectively. wb
represents the rated angular frequency, while J and D denote
the virtual inertia and virtual damping of the GFM adopting
VSG control, respectively. Piof and Q1. are the reference
active and reactive power, respectively, and P; and @); are the
active and reactive power output by the GEM inverter. k, is
the reactive loop coefficient, T, represents the time constant
of the reactive power loop, and Uy, represents the reference
voltage of the GFM inverter.

The GFL inverter adopts the PQ control strategy [11], and
its output power is denoted as Py 4 jQOs.

For the convenience of analysis, the inner loops of the
GFM and GFL inverters are neglected [12], the equivalent
curcuit of the system is shown in Fig. 1, where Uy, U,

Infinite Bus

Fig. 1: Equivalent curcuit of the system.

and Us represents the terminal voltage phasor of the GFM
inverter, PCC and the AC grid, respectively, and the AC grid
is considered as the infinite bus. X;, X5 represents the total
impedance from the GFM inverter and the GFL inverter to
the PCC respectively, including virtual impedance, step-up
transformer impedance, and line impedance. X represents the
line impedance connecting the PCC to the AC grld Iy, I, and
I are the node injection currents.

B. TEF of the system

1) TEF of the GFM inverter: In order to account for
both the Q-V characteristics of the GFM inverter and the

power output characteristics of the GFL inverter, the structure-
preserving TEF of the system is introduced based on the
energy conservation law as described in [13].

W= /Im (YU — I; — )] dU}z 2)

where Y represents the node admittance matrix, U represents
the bus voltage vector, W is the total energy, the integral path
c is given by the system trajectory.

By using the theorems in [13] and recalling (1), we can
obtain that

e

o1
— | I;dU, = — / Pydé, —
/ ! ! O1s e Uis Ul

Awq 51
= / JwawldAwl - (Plref - DAwl)d(Sl
Awn g O1s

U
! eref - kuUlref dUl
— -tk — d
/U B TR

1
= iJWb(Awl2 — Awiy)

—dU;

— Prref(01 — 615) + /owAw12dt

U
_(eref + kllUlref) In Ul

1s

+ ko(Uy — Uyy) +/T (dUl) dt
3)

The subscript s denotes the pre-fault stable equilibrium point
(SEP).In order to meet the properties of TEF [14], the TEF of
the GFM inverter can be defined as

1
Varm = =Jwp(Awr® — Awi?) — Prret(61 — 615)
2 @

U
- (ercf + kuUlrcf) In S =+
Uls

ku(Ul - Uls)

2) TEF of the GFL inverter: The GFL inverter is treated
as variable load since its internal dynamics are challenging
to describe. Therefore, the TEF of the GFL inverter can be
written as

. 02 U2,
VorL = —/I;dUQ = —/ Pydby — 7dU2 5
; 025 Ugs Y2

where 60, represents the voltage angle of the PCC. This
term can be obtained using trapezoidal integral of the faulty
trajectory.

3) TEF of the network: The inverter is filtered by an LCL
filter and connected to the grid through a step-up transformer.
Since the line resistance is significantly smaller than the in-
ductance, the resistance component is neglected, i.e., Y = jB,
B is the node susceptance. The TEF of the network has been
derived in detail in [13], [14] and is directly applied here:
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VBus = / (yu) " au

13

== Bu(U-Us*
5 ; ( $) ©6)

13,3

- 5 Z Z Blj(UzU] COS Hij - Uz'sUjs COS Qijs)

i=1 j#i
where 0; (i = 1,2,3) represents the voltage angle of each node,

subscription i and j represents the number of nodes, 0;; =
0; —0;.

C. Proof of Monotonicity of TEF

Combined with the above derivation, the total TEF of the
system can be expressed as

V = Vgrm + Varr + VBus 7

By recalling (2), the following transformations can be made:

V=V-w

= Varm — (—/Ideﬂ + VerL — (— /I;df]g)

C

* 8
+ VBus —/[(YU) ]TdU ®
) au, 2
= — | DwpAw“dt — | Ty(——) dt
dt
The derivative of the TEF with respect to time is
dVv dU,
— = —DuwpAw > — T (—)? <
at whaen G =0 ©)

It can be obtained that V satisfies the conditions of the
energy function and can be used as the TEF of the system.
To provide a clearer physical interpretation of the TEF, it is
expressed as the sum of kinetic energy Vi and potential energy
V., where

1 2
Vi = §Jwb(Aw1 — Awig) (10)
Vo=V -V
III. CCT ESTIMATION USING THE IMPROVED IPEBS

METHOD

After constructing the TEF of the system, this paper em-
ploys the improved IPEBS method [14] to evaluate the CCT
following a specific fault. To prevent calculation errors from
temporarily exceeding the dot product criterion and prema-
turely terminating the algorithm—resulting in overly conser-
vative outcomes—this paper modifies the IPEBS method by
introducing additional judgment conditions. The specific steps
are as follows:

1) Calculate the pre- and post-fault SEP, set the initial
number of iterations n = 0.

2) Numerically integrate the system during the fault and
project the fault trajectory into the post-fault period.

3) Calculate the system energy using (4), (5), (6), (10) by
substituting the projected quantities. To avoid misjudgment,
set a threshold €; compute the dot product criterion until it
exceeds ¢, then record the energy at this point as Vo™, The
dot product criterion is expressed as

[ = (Prret — P1) - (61 — d1s) (11)

4) Integrate the trajectories under sustained fault conditions,
calculating the system energy until V' > V.. Record the
corresponding time as (™).

5) Clear the fault at t.(™) and integrate T s for the post-
fault system. If f > ¢ during this period, proceed to Step 6);
otherwise, continue to Step 8).

6) Continue to integrate the system for 77 s, if f > € during
T} s, proceed to Step 7), otherwise, continue to Step 5).

7) Setn = n+1; assign V(™ to the current potential energy
value, calculate tc(") based on the sustained fault trajectory,
and return to Step 5).

8) Output the critical energy V™), with the CCT = ¢,(".

Based on prior experience, the CCT is typically obtained
after 1 to 3 iterations. Additional judgment condition Step
6) prevents f from temporarily exceeding the threshold and
prematurely terminating the algorithm. The IPEBS method
adjusts the optimistic estimate from the PEBS method to a
conservative one through a limited number of simulations of
the post-fault system. The flow chart is shown in Fig. 2, the
revised part of the IPEBS method is shown in red box.

| Calculate pre-and post-fault SEP, set n=0 |

’ Numerically integrate the system during the fault

I
Calculate V using (4),(5),(6),(10),
calculate fusing (11) until f>¢

AR AY)

Clear the fault at # = 7™ integrate
the post-fault system for 7's

Iﬁ

Y[ Continue to
integrate for 7' s
N H

| S — ¥ —
n=ntl,
assign V(™ to the current ¥, ; ——
calculate 7™

Output V™ , £ ®™

Fig. 2: Flow chart of the improved IPEBS method.
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IV. CASE STUDIES
A. Simulation and Verification

To validate the effectiveness of the methodology, a sim-
ulation model, as depicted in Fig. 1, was developed using
Matlab/Simulink. The system parameters are detailed in the
Table 1.

TABLE I: System Parameters

Symbol Description Value (p.u)
S1 Capacity of GFM 1
Piret Reference active power of GFM 1
wh Angular frequency reference 1007
J Virtual inertia of GFM 4
D Virtual damping of GFM 2
Q1ref Reference reactive power of GFM 0
Ulret Reference voltage amplitude of GFM 1.1
Tu Time constant of reactive loop of GFM 10
ku Reactive loop coefficient of GFM 10
Sa Capacity of GFL 1
Porer Reference active power of GFL 1
Qaref Reference reactive power of GFL 0
kp,pll Proportional of PLL 100
ki p1l Integral of PLL 200
X1 Total impedance from GFM to PCC 0.1
Xg Total impedance from PCC to AC grid 0.3

A three-phase short-circuit fault is introduced at the PCC
with a transition impedance Z¢ = jO.1 p.u. The dot product
criterion threshold ¢ = 10e~% and post-fault integration time
T = 10 s are set. The results from the first iteration of the
IPEBS method are shown in Fig. 3a; at this stage, the system
destabilizes, and the dot product criterion f oscillates and
diverges. As seen in Fig. 3a, when f first crosses e, the
corresponding V}, reaches its initial peak value, with ¢ = 0.42
s at that point. The final iteration results are displayed in Fig.
3b, where f remains below zero and V increases continuously
during the fault but decreases monotonically under damping
effects after the fault is cleared, with V, and Vi converting
into one another. This consistent decrease in V, regardless of
system stability, confirms the correctness of the constructed
energy function.

The CCT, calculated by the IPEBS method, is ¢, = 0.324 s.
Faults are removed at t. = 0.324 s and ¢. = 0.4 s, respectively,
and phase plane diagrams of the state variables (Fig. 4) show
that the former system returns to the SEP, while the latter
destabilizes. Compared with the CCT of 0.334 s obtained from
time-domain simulation, the IPEBS method demonstrates an
error of approximately -3%, verifying its accuracy and conser-
vatism, while significantly enhancing computational efficiency
over time-domain simulation.

B. Comparative Analysis

To verify the universality of the method, other parameters in
Table I were held constant while the grid strength (quantified
with YV, = 1 /X ), fault type (Z; is resistive or inductive),
fault severity, and GFL capacity were varied to create different
operating scenarios. For each scenario, the CCT was calculated

0.5 1 1.5 2
Time [s]

(a)

0.8

0.659%
0.6

0.4)

0.2}

Energy [pu]

-0.2

-0.4

-0.6

-0.8]

/fau]t clearing

-1
00324 1 2 3 4 5 6

Fig. 3: System energy and dot product criterion curves. (a)
In case of system destabilization. (b) In case of system
stabilization.

using both the IPEBS method and the improved IPEBS method
presented in this paper, denoted as CCT 1 and CCT 2, and
these were compared with the CCT obtained from time-
domain simulation (CCT 3), as shown in Table 2. The errors
between CCT 1, CCT 3 and CCT 2, CCT 3 were denoted as
Error 12 and Error 23 respectively.

Table II shows that the IPEBS method without additional
judgment conditions may exceed the dot product criterion tem-
porarily due to computational errors or suboptimal threshold
settings, causing premature algorithm termination and overly
conservative CCT estimates. In contrast, the improved IPEBS
method in this paper provides conservative CCT estimates
across varied system parameters, fault types, and fault severity
scenarios, with an average error of -8.72% relative to time-
domain simulation. This improved method significantly re-
duces conservatism and computational errors compared to the
traditional IPEBS method. Additionally, it achieves a com-
putational efficiency over ten times greater than time-domain
simulation while maintaining conservative CCT estimation.
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TABLE II: Comparison of CCT estimation between the IPEBS method, the improved IPEBS method, and time-domain

simulation
Common parameters [pu]  Changed parameters [puy] CCT 1[s] CCT2([s] CCT3[s] Error 13 [%] Error 23 [%]
2.5 0.03 0.146 0.148 -79.730 -1.351
|Ygl 2.8 0.074 0.176 0.194 -61.856 -9.278
33 0.105 0.324 0.334 -68.563 -2.994
Z¢=0.1 0.016 0.029 0.036 -55.556 -19.444
|Yg|=3.3 Z;=0.2 0.017 0.049 0.049 -65.306 0.000
Zg= 0.065 0.105 0.131 -50.382 -19.618
1Yy|=2.5 Z¢=j0.05 0.102 0.102 0.108 -5.556 -5.185
s Z¢=j0.2 0.159 0.204 0.239 -33.473 -14.519
Z¢=j0.1 0.524 0.524 0.524 0.000 0.000
|Yg|=3.3,52=0.8
Zg=l 0.002 0.121 0.142 -98.592 -14.789
0.46 T T T T T -10
0.03} —&— [PEBS 1o
0.44 —@—TDS h
! Error 1
0.02 B
\ 042 1
| unstable trajectory
0.01 (=045 16 T
. = 04f g
2 of 5 5=
<§ stable trajectory 0381 14
-0.01f (t,=0.3245)
036 [ 1-3
-0.02 4.2
034
-0.03 1!
0.32 ) 3 ! : : : : 0
. . . . 0.7 0.9 1.1 13 1.5 1.7 1.9
0 0.5 1 1.5 2 2.5 Capacity of GFM Inverter [pu]

0, [rad]
Fig. 4: Phase portraits of ¢, = 0.324 s and ¢, = 0.4 s.

Furthermore, the effect on the system’s transient stability is
analyzed by varying the capacity ratios of the GFM and GFL
inverters. With the total delivered power held constant, the
capacities of the GFM and GFL inverters are varied, as are the
parameters S1, S2, J, D, and X;. Qualitatively, the injection
of purely active current of the GFL inverter deteriorates the
system’s transient stability. Increasing the capacity of the GFM
inverter, however, mitigates the GFL’s impact on transient
stability, enhances inertia support, and optimizes the system’s
stability, as evidenced by an increase in the CCT shown in
Fig. 5. The proposed methodology in this paper demonstrates
a trend similar to the time-domain simulation results, all of
which are conservative, thereby supporting the generalizability
of the method.

V. CONCLUSION

This paper develops a structure-preserving TEF that incor-
porates the Q-V characteristics of the GFM and the power
output characteristics of the GFL, applying the improved

Fig. 5: CCT comparison between IPEBS and TDS methods.

IPEBS method to quickly estimate the CCT of the GFM and
GFL inverters integrated system.

Based on the energy conservation law, the reactive volt-
age characteristics of the GFM and the internal dynamics
of the GFL both contribute to transient system stability as
components of potential energy. The constructed TEF, verified
through theoretical proof and simulation, exhibits a monotonic
descent characteristic, meeting transient stability analysis re-
quirements. The proposed improvement to the IPEBS method
effectively reduces the conservatism of CCT estimation and
avoids CCT misjudgment caused by computational errors
or inappropriate threshold settings. Comparison with time-
domain simulations demonstrates that the method conserva-
tively estimates CCT, with an average error of -8.72% across
various operating scenarios and a computational efficiency
over ten times higher, meeting the requirements for online
transient stability analysis. This paper also analyzes and ver-
ifies the impact of capacity ratio on the system’s transient
stability.

Future research will consider inverter control switching,
such as amplitude limiting and low-voltage ride-through, and
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the integration of distributed phase-shifting devices and other
reactive power compensation equipment to enhance the system
model. This study approximates the GFL inverter as a load and
derives its energy function via trapezoidal integration, which
inevitably introduces some computational errors. Establishing
a path-independent energy function that accommodates mul-
tiple dynamic processes will also be a key focus for future
research.
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