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ABSTRACT This paper proposes a comprehensive, robust and efficient solver platform that incorporates
phasor domain short circuit models of grid-forming (GFM) and grid-following (GFL) IBRs for fundamental
frequency fault calculations considering various IBR controls. The proposed approach is verified through
cross examination against detailed electromagnetic transient (EMT) modeling and simulations using a
modified IEEE 39 bus system with multiple IBRs. The solver platform enables protection engineers to
perform rapid and accurate short-circuit computations and protective relay studies in power systems with
high penetration of IBRs, facilitating the assessment of fault-ride-through strategies and compliance with grid
codes. This paper integrates a recently proposed derivative solution into modified augmented nodal analysis
(MANA) formulation for improved numerical convergence under IBRs while treating both GFL and GFM

IBR models to provide new insights and results.

INDEX TERMS
protective relaying.

Current limiter, fault ride-through, inverter-based resources, short circuit calculation,

I. INTRODUCTION
HE inverter-based resources (IBRs) in power systems
are increasing, facilitating renewable energy sources
adoption, particularly wind [1], [2]. IBRs can be classi-
fied into grid-following IBRs (GFL-IBRs) and grid-forming
IBRs (GFM-IBRs) based on their converter control strate-
gies [3]. GFL-IBRs mainly act as a power-regulated current
source with limited frequency and voltage support capabil-
ity. By contrast, GFM IBRs can provide full voltage and
frequency support services needed for stable grid operation
without relying on traditional synchronous generators (SGs).
GFM-IBRs demonstrate superior frequency and voltage sta-
bility, especially in weak grid connections [4].
During fault ride-through (FRT) mode, IBRs must com-
ply with current injection requirements specified by grid

codes [5]. This necessitates efficient evaluation of FRT
strategy performance by analyzing IBR current and voltage
phasors across various fault scenarios to verify compli-
ance with interconnection requirements. GFM-IBRs exhibit
distinct fault behavior compared to GFL-IBRs and syn-
chronous generators (SGs) [6], which varies further when
adapted to meet grid codes [7]. Asymmetrical faults intro-
duce sequence components that affect IBR positive and
negative sequence component regulation, creating challenges
in FRT control design, short-circuit analysis, and protec-
tive relaying studies [8]. Recent grid codes specifically
require IBRs to provide additional positive and negative
sequence reactive current through FRT strategies [9] to
enhance low-voltage ride-through (LVRT) capability [10],
[11]. This can be achieved using current limiters within a

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
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positive and negative sequence control (PNSC) framework
[12], [13].

Current limiter selection in FRT strategies requires care-
ful consideration [14]. Common types include current
saturation-based (CS-based) and virtual impedance-based
(VI-based) limiters [15]. CS-based limiters, comprising
instantaneous [16], magnitude [17], and priority-based [18]
variants, are applicable in both GFL-IBRs and GFM-IBRs.
Under FRT mode, CS-based limiters specify dq current ref-
erences in the PNSC structure, allowing IBRs to function as
current injection sources in short-circuit networks.

VlI-based limiters enable GFM-IBRs to maintain voltage
source characteristics while restricting converter currents dur-
ing faults by modifying terminal voltage references through
virtual impedance control [19]. When implemented in the
positive sequence loop, GFM-IBRs can be modeled as a
voltage source with virtual impedance [20]. To emulate SG
behavior, GFM-IBRs can function as current sources in
the negative sequence system [21]. These controls, imple-
mented within PNSC structure, allow GFM-IBRs to mirror
SG behavior under fault conditions.

Accurate short-circuit modeling for IBRs with various
FRT strategies is crucial for future IBR-rich systems. While
detailed electromagnetic transient (EMT) models exist [13],
[22], their computational intensity limits efficiency across
multiple fault scenarios. Research has produced simpli-
fied models to improve analysis efficiency: For GFL-IBRs,
phasor domain models incorporating FRT strategies have
been developed for Type-1II [23], [24] and Type-IV [25]
wind turbines. The analysis employs modified augmented
nodal analysis (MANA) with fixed-point solver [26], [27].
Fixed-point methods exhibit several limitations for power
system applications: high sensitivity to parameter selection
and initial conditions; poor convergence characteristics for
large-scale or complex networks; inferior robustness com-
pared to derivative-based approaches; and susceptibility to
divergence when applied to problems with significant non-
linearities or discontinuities that disrupt the iterative solution
process. To overcome these issues, this paper integrates
the Newton-based approach of [28] and [29] into MANA
formulation for improved numerical convergence under
IBRs.

Recent research has produced various GFM models: RMS
models under synchronous reference frame [30], equivalent
models covering transient and steady-state responses [31]
positive and negative sequence equivalent circuits [32]
implemented in OpenDSS [33], and positive sequence and
per-phase phasor models [34], [35]. However, these mod-
els generally lack consideration of decoupled-sequence FRT
strategies.

This paper focuses on numerical methods for phasor
domain analysis, which are utilized by commercial fault anal-
ysis programs at an industrial scale. The fault calculation is
based on fundamental frequency phasors. Key contributions
include:
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FIGURE 1. Diagram of a full-size-type IBR plant.
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FIGURE 2. Topology of IBR unit.

- Proposing fundamental-frequency IBR short-circuit
models with various FRT strategies, GFM/GFL controls,
and current limiters

- Proposing a comprehensive solver with Newton-based
MANA formulation incorporating static IBR models
with diverse controls

- Using alarge-scale IBR-rich system to demonstrate scal-
ability and new insights for future high-IBR grids

The paper is organized as follows: Section II presents

IBR phasor domain short circuit models; Section III details
the short circuit solver; Section IV provides validation and
comparative studies; and Section V presents conclusions.

Il. PHASOR DOMAIN SHORT-CIRCUIT MODEL FOR
IBRS CONSIDERING FAULT RIDE-THROUGH CONTROL
STRATEGIES
A. BASIC TOPOLOGY AND PNSC STRUCTURE OF GFL-
AND GFM-IBR
Fig. 1 shows a typical full-size-type IBR plant, where the
power generated by the IBRs is transmitted to the point of
interconnection (POI) via a medium-voltage (MV) collec-
tor grid, a main IBR transformer, and a high-voltage (HV)
bus. In this paper, superscript * denotes the reference. Sub-
scripts + and — denote positive and negative sequences,
respectively. Fig. 2 shows the typical topology of a grid-side
converter (GSC) of an IBR unit. The choke circuit, shunt
filters, and unit transformer are connected at the point of
connection (POC) on the low-voltage (LV) side. Vry denotes
the LV-side voltage phasor. Ijpr denotes the current phasor
provided by IBRs. The subscript gsc denotes the component
on the GSC side.

To ensure stable operation in normal operation, the GFL
control typically includes PLL, DC voltage control, AC
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FIGURE 3. PNSC structure for the grid-side converter of IBR.

voltage droop control, and inner current regulation (blue
box) [13], while the GFM control typically incorporates PSL,
Q-droop control, inner voltage regulation (red box), and inner
current regulation (blue box) [15], as illustrated in Fig. 3.
More detailed descriptions of control blocks can be found
in [13] and [15]. The PNSC structure aims to appropriately
regulate both positive and negative sequence components to
comply with current capability and current injection require-
ments per grid codes.

In this paper, {6, w} denotes the orientation angle and
angular frequency. {P, Q} denotes the active and reac-
tive powers. Under unbalanced grid conditions, since the
zero-sequence components on the grid side are usually sepa-
rated by a delta-connected IBR transformer, the instantaneous
abc vectors of IBR can be transformed into dg+ and dg—
vectors. Superscript dg+ denotes components in the dg+
coordinate that rotates at the nominal frequency w,. Super-
script dg— denotes components in the dg— frame that rotates
at the nominal frequency —w,,. Fig. 4(a) illustrates the angular
relations between V. and coordinates. Fig. 4(b) illustrates the
phasor representation of positive sequence active and reactive
current (I1A and I1R). Fig. 4(c) illustrates the phasor rep-
resentation of negative sequence active and reactive current
(I2A and I2R). These current phasors are given by:

P 20 j(0r+—0
[]+ + I _I+e]( 1+—0v+) @

1P+ 19 = 1_o/®r-=6v-)
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FIGURE 4. Relations between the coordinates for IBR.

where {17, I”} denotes T1A and 12A. {12, 12} denotes TIR
and I2R. In Fig. 4, 6y denotes the power angle of IBR, which
is frozen in FRT mode for the purpose of short-circuit cal-
culation. For clarity, positive and negative sequence voltages
are abbreviated as V1 and V2. Positive and negative sequence
currents are abbreviated as I1 and 12.

B. CURRENT INJECTION OF IBR UNDER FRT MODE
Under unbalanced grid conditions, I1R is regulated to sup-
port V1 and I2R to reduce V2. By using a K-factor-based
method [36], the incremental reactive currents are determined
by the variation of V1 and V2 as follows:

2
A1 = kCAvy, =K%V @

gsc—

{ A1, = KEAVy = K2V = Viyy)

where {Kf, K Q} denotes the K factor for reactive current

injection. In normal operation, the inner voltage regulation

suppresses VL to zero. Based on Fig. 5, I gsc+ = I;’;Jr

Therefore, the references of I1R and I2R are determined as

O QOpre QO q-+pre O
Igsc+ Igsc+ + Algsc-‘r ]gsc-‘r + Algsc-‘r (3)
1% = A1
gsc— gsc—
where superscript pre denotes the pre-fault value. [ ng:f:

denotes the pre-fault positive sequence reactive current.

1;’;{'{8 denotes the pre-fault g+ axis current. In normal oper-
ation, IgQY‘Z_rﬁ = lg;i’e since Oy 4 = 6.

1) NEGATIVE SEQUENCE

To emulate the negative sequence behavior of SGs, 12 is
injected leading V2 by 90°. Hence, I2A can be set to zero to
spare the current capacity for I2R injection. Fig. 5 depicts the
generation of I2R, where " denotes the updated current ref-
erence. I'™ denotes the current limit. Based on the relations

VOLUME 12, 2025
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FIGURE 6. Equivalent positive sequence system integrated with
IBR under CS-based and VI-based limiters.

in Fig. 4, the dg— current references are derived as

gsc—

Jir -y jes /Vwi “)

gsc— gsc—

id—* = VZ‘;—igif/VLV—

2) POSITIVE SEQUENCE

The equivalent positive sequence system integrated with IBR
under CS-based and VI-based limiters is shown in Fig. 6,
where Z,, and V., denote the equivalent positive sequence
impedance and voltage source of AC networks.

Under CS-based limiter, an IBR is equivalent to a cur-
rent source. Hence, IBR 11 injection is determined by the
FRT strategy as a function of the terminal voltage (LV-side
voltage phasor) which is retrieved from the iterative solver
at each step. The CS-based limiters can be applied to both
GFL-IBR and GFM- IBR. For GFL-IBR, due to the regulation
of SRF-PLL [2], Lv+ = 0 and 8y; = 6y. For GFM-
IBR, in the absence of a PLL, 6y # 6. Since the angular
relation (By+ — 6y) of GFM-IBR and GFL-IBR is different,
their reaction to I1A and I1R injection will be different. The
IEEE 2800 compliant limiter considers this angular relation
to address this.

For an IBR under VI-based limiter, the I1 injection is deter-
mined by the equivalent voltage source, the virtual impedance
of the IBR, and the equivalent network impedance, as given
by

E, - Veq+

&)
Zvir+ + Zeq+

1 gsc+ —

The VI-based limiter is only implemented in GFM-
IBR. These limiters are further elaborated in Section II-C
and II-D.
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FIGURE 9. Priority-based current limiter design.

C. CURRENT SATURATION-BASED LIMITERS FOR GFL-
AND GFM-IBR

Assuming the output active power remains constant during
short circuit faults, 7% P | is approximated by

re
d+x* __ Pgsc
I gsc+ — (6)
Viv+ cos(OLy+ — 60o)
To avoid overcurrent, four types of current limiters are
studied and compared in this paper, as below:

1) INSTANTANEOUS LIMITER

The current limiting thresholds are respectively set for d-+
and g+ current references in this type of limiters, as shown
in Fig. 7. Hence, the performance is usually conservative,
resulting in underuse of the converter’s current capacity.

2) MAGNITUDE LIMITER

In this limiter, the magnitude of I1 references is constrained
to avoid overcurrent, but its angle would not be affected,
as shown in Fig. 8.

3) PRIORITY-BASED LIMITER

This limiter allows the designated priority current to reach the
maximum limit. Generally, priority is given to the g+ current
reference in the FRT mode [13], as shown in Fig. 9.

381



IEEE Open Access Journal of

s power and Energy

4) IEEE 2800 COMPLIANT LIMITER

The IEEE 2800 compliant limiter (2800 limiter) is developed
to enable IBRs to comply with current injection requirements
in the IEEE 2800 standard. With this angular difference
(By+ — 6p), the relations in (1) need to be reconsidered:

Igsti = I§ﬁ+ cos(By+ — o) + IgQXer sin(@y 4 — 6p)
= Vlii‘jr+1(gf;t-+/VLv+ + VLq‘J/rJrlngr/VLer
Ig;: = If%, sin(@y 4 — 6o) — Ig; cos(By 4 — 6o)
= VE‘J/FJrIgZJr / Vivs — vailggﬁﬁ / Viv+
@)

Per IEEE 2800 standard, the coordination for I1R and I2R
is given by

Al ng’c‘ 4+ >0 During balanced faults ®
‘Alggsj = ‘Algt_ During unbalanced faults

To ensure that the incremental reactive currents do not
exceed the current limit, when |K$AVLv+‘ + ‘K_QAVLV_‘ >

Iglls’?, the incremental reactive current references are deter-

mined as
{Alg%j o Angsj_} - {nkava+, nK_QAVLV_}
n=1n [ (|[K2avivs| +[k%aviy )

)
Combining (2), (3), and (7) yields:
q+ Ox
v _ VEFAIGL i
gset Viv+ 0 Viv 4 cos(Ory 4+ — 6o) (10)
+% d +
Igsc-i- = _VL\j_—&- Algsj+ / Viv+ +1, gscire

Then the positive sequence limiter in Fig. 9 and
negative-sequence limiter in Fig. 5 are employed to avoid
overcurrent. Per IEEE 2800 standard, IBRs are expected to
fully utilize the maximum current capacity. Hence, a scaling
method [36] is employed to ensure that the faulty phase
current can reach the current limit, as given by

__glim ax bx ck
Kicate = 11" / max ( 1o ] e ) (11)
~dq-+x d
1 sc — scalel ?SL*
g we (12)
Igsc = Scalelgsc

D. VIRTUAL IMPEDANCE-BASED LIMITER FOR GFM-IBR
For GFM-IBRs, the Q-droop control can be expressed as

[ E_Lf_+* =V*+ DQ(Q* — Qgse)

where D¢ denotes control gain. The VI-based limiter

restrains fault currents by modifying voltage references:
+

[ Vi = EIY Ry, +1§ij[ + Xoir Lot (14)

g+ _ gt At o G
VLV+ - E+ - Rwr+lgsc+ - Xv1r+1gsc+
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where {Ryir+, Xyir+ } denotes the virtual resistance and reac-
tance. When g4 exceeds I lim the virtual impedance is

gsc+>
given by
, AV, (1 +jo)
Zyirs = Ryiry +jXpiry = —————  (15)
vir vir vir Ig{;’z}+m

where o denotes the pre-defined ratio of X,;-+ over Ry;-+.
AV denotes the positive sequence voltage drop across the
Z,r+. To ensure I1 reaches 1;’;3 . under FRT mode, a PI con-
troller is employed to regulate the current reference tracking
the current limit. The details of control loops can be found

in [21].

lll. SHORT-CIRCUIT SOLVER

A. FRAMEWORK OF SHORT-CIRCUIT SOLVER

The proposed short-circuit solver is illustrated in the frame-
work of Fig. 10.

First, set the IBR location and read user inputs, includ-
ing IBR configuration and selection of FRT strategies. Fault
scenario is selected to generate the system matrix A that
includes the fault represented with switches, then compute
sequence domain equivalent impedance (Z.,) and equiv-
alent voltage source (V,,) of the network as seen from
GFM-IBR locations with VI-based limiters. The Z,, and
V., are used to compute I1 injection by (5). For IBRs with
CS-based limiters, the current injection is determined by
the FRT strategy. Once the phasors I1 and I2 are com-
puted for each IBR, they are converted in the abc domain
for updating system voltages using the MANA formulation
[26], [38].

B. PHASOR DOMAIN SHORT-CIRCUIT MODEL
ALGORITHM
The main short-circuit solver algorithm encompasses the fol-
lowing aspects:

1. User Input:

1.1. Input IBR configuration, including:

- IBR parameter: Ié’;’g, I{é"s”g_, Kg, Kg, Do, V*, Q% o,
kq, kq.

VOLUME 12, 2025
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- Pre-fault value (steady state value in normal operation):
0o, 150", and Pgse.

1.2. Select the employed FRT strategy or limiter, including:

1-Instantaneous limiter; 2-Magnitude limiter; 3-Priority-
based limiter; 4-2800 limiter; 5-VI-based limiter for GFM-
IBR only.

2. Short-circuit model algorithm:

2.1. Current reference generation:

IF the employed limiter ==4

Calculate AIgQZk ., and AIgQSiL by (9);

S

ELSE
Caleulate IS;, and I2¢_ by (2) and (3);
END
Calculate IZF5 by (6).
2.2. Negative sequence current limiter:
Qs i
IF IéSC* > Ilgf;f*
% ;
Igscf = IgTLL;
[éfvr?+ = Igh,\n: - ‘Igscf ’

*

~d —x ~q—
Calculate I and Iz, by (4);

gsc— y
. ~d—x  ~q—x
d—x q—* ) ej(OO—Q”gIE(Igsc—‘UIgsr—))

Ty = abs (To" + 15"

2.3. Positive sequence current limiter:

The details of each current limiter are presented in
Appendix A. The VI-based limiter is only used in GFM-
IBR. The CS-based limiters are applicable to both GFL- and
GFM-IBRs. Since the pre-fault values 6y and /, g;gire for GFL-
and GFM-IBRs differ, their outputs will not be identical even
when using the same CS-based limiter.

2.4. Updating LV-side current phasor:

= =%
[ Ligry = I§SC+ —Vivs/Zsy (16)

Iigr— = igsc_ —Vi-/Zs_

where {Zf+,Zf_} denotes the phasor domain equivalent
impedance of shunt filters.

C. ITERATIVE SOLVER

The proposed short-circuit models can be implemented
within a MANA-based iterative solver. For each fault sce-
nario, a sparse system matrix A is built in the phase domain
that can also handle unbalanced distribution systems. The
iterative process is described as follows:

Step 1. Compute currents in the sequence domain and
transform: The set of {i 13R+j IBR_} is calculated using
the proposed short-circuit models, and transformed into
three-phase currents I3k and populated into b. Hence, b =

[i IBRVbO]T. V) denotes the known voltage sources in the
system.

Step 2. Calculate current distribution phasor and bus volt-
age phasor: Using sparse LU factorization, the equation
Ax = b is solved to update nodal voltage phasors V
and LV-side voltage phasors {V vy, Viy_}. The dg+ and

VOLUME 12, 2025

dg— components of LV-side voltage phasors:

Sy = angle(Vy4) — 0o
Sy— =609 —angle(Vy-)

Vf‘}: VLq{,F+ =abs(Viy4) | cosdyt sindy4
Vl‘fv__ Vi, 1 =abs(Viy_){cosdy_ sindy_

7)

Then go to step 1 for the next iteration until the conver-
gence criterion (18) is satisfied. ¢ denotes the predefined
tolerance for convergence. For the k-th iteration,

[ AViyy = abs(VED) —abs(v) ) < ¢ a8)

AVyy— = abs(V&Dy —abs(vih) ) <&

When integrating high-penetration IBRs, the nonlin-
earity of FRT strategies can compromise the numerical
stability of iterative mechanisms, potentially causing non-
convergence. To address the challenge, this paper integrates
the secant-based variation of Newton’s method proposed
in [28] into MANA formulation, which represents IBRs by
a Norton equivalent in each iteration. The related equations
are given in Appendix B for the integrity of paper.

Assuming the Norton admittance in the k-th iteration
(k >1) to be given by Y;I;)R, an additional admittance matrix
can be denoted as

Y = diag {[ v%) 0]] (19)
For the k-th iteration, the system equation Ax = b becomes
70 (k) (k+1) (k)
w1 yoeen 1T Lipr — Y g (VLV - VLV)
A [VLV I, ] = Vi
0
(20)

where I,, denotes the current vector of voltage sources,
branches, and switches. The basics of MANA formulation
can be found in [38].

7 (k) (k) ()
@) s T Iipr + Y prViy
[A+Y]| VvV, I = v, 21
0

The solver updates node voltage phasors until criterion (18)
is satisfied.

IV. IBR SHORT CIRCUIT MODEL AND SOLVER
VERIFICATION

A. TEST SYSTEM AND FAULT CASES

In this section, the proposed IBR short-circuit models and
solver are verified by comparing the iterative solution
with EMT simulation results. The phasor-domain MANA
algorithm is implemented in MATLAB R2024a. This code
includes a model of the IEEE 39-bus test system, phasor-
domain short circuit models of IBRs including both GFL and
GFM, and a Newton-Raphson based iterative solver. An EMT
version of the IEEE 39-bus system has been developed within
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FIGURE 11. Modified IEEE 39 bus system integrated with
GFM-IBR and GFL-IBR.

EMTP version 4.3. Reference [40] presents the details of
the EMTP model. The IBRs of the EMTP model have been
represented by a generic EMT model based on [13]. The
test environment consists of a PC with Windows 11 64-bit
operating system and an AMD Ryzen 7 7735H processor with
Radeon Graphics, featuring 16 CPUs running at 3.2 GHz.
A modified 500 kV/60 Hz IEEE 39 bus system integrated
with GFM- and GFL-IBRs is used, as shown in Fig. 11.
The description of the employed EMT model is presented in
Appendix D. Each IBR plant contains an aggregated model
of full-size-type IBR units with the PNSC scheme. Droop
control is employed as the GFM primary control. The IBR
configuration can be found in Table 1. For demonstration
purposes, two combination schemes of FRT strategies are set
in this system:

Scheme I: IBR1 (GFM mode, magnitude limiter); IBR2
(GFM mode, Instantaneous limiter); IBR3 (GFL mode,
priority-based limiter).

Scheme II: IBR1 (GFM mode, 2800 limiter); IBR2 (GFM
mode, VI-based limiter); IBR3 (GFL mode, priority-based
limiter).

To demonstrate the accuracy and efficiency of the proposed
model, three typical fault scenarios are performed, as below:

Case 1: Bolted line-A-to-ground (AG) fault at B25.

Case 2: 10 Q line-A-to-line-B-to-ground (ABG) fault at
B27.

Case 3: 5 Q2 line-B-to-line-C (BC) fault at B14.

Case 4: Bolted BC fault at B4.

Case 5: Bolted three-phase-to-ground (ABCG) fault at B9.
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TABLE 1. Configurations of IBRs.

Parameter Value
DC voltage, DC capacitor 1.15 kV, 15 kI/MVA
Choke impedance, Shunt filter impedance  0.01+0.15j pu, -11.107j pu

Im | [ 0.6 pu, 1.2 pu
Pre-fault [1R 0.022 pu
K factor 3
ka, ky 0.5,0.5
Dy, o 0.04, 1

TABLE 2. Phasors of IBR1 under magnitude limiter (Scheme I).

Mag.  Ang.
error __error
0.553 (17.447°)  0.001  -0.04°
0.798 (-87.478°)  0.000  -0.04°
0.846 (131.668°)  0.000 0°

Case Variable EMT

Vie  0.553(17.411°)
Vi 0.799 (-87.518°)
Vie  0.846 (131.664°)

Short-circuit Model

Isre  1.067(-27.526°)  1.065(-27.352°)  0.002 -0.17°
Iswy  0.166 (-139.702°) 0.163 (-138.333°)  0.003  -1.37°
Isre  1.016(143.759°)  1.018 (144.022°)  -0.002  -0.26°
Ve  0.803(22.192°)  0.807 (22.027°) -0.004 0.17°
Vi  0.804(-87.319°)  0.807 (-87.532°) -0.003 0.21°
o Vi 0928(147.3929) 0931 (1472259 0003 0.17°
Isee  1.195(6.874°)  1.196(5.902°)  -0.001 0.97°

Iigry  0.796 (-124.158°) 0.801 (-125.555°) -0.005  1.4°

Iipre 0.902 (145.112°)  0.897 (143.849°)  0.005 1.26°
/ s 5
20
Network

@IIBR!
@ I IBR3

A\

I
IBR2 \

0 100 200 300 400 500 600
Number of nodes = 2799

FIGURE 12. Visualized sparsity pattern of matrix A.

In system matrix A, the switches can be set to O (open) or 1
(closed) for changing fault scenarios, including any type and
number of simultaneous shunt or series faults. The sparsity
pattern of matrix A is shown in Fig. 12.

B. ACCURACY UNDER VARIOUS FRT STRATEGIES

Tables 2—7 present the voltage and current phasors, format-
ted as ‘“magnitude (angle)”. The magnitude is expressed
in per unit (pu) and the angle in degrees. The predefined
tolerance for convergence is set to 0.0005 pu. In EMT simu-
lation, FRT strategies are activated at the inception of faults
and continue to operate without interruption for validation
purposes.

The comparison of the iterative solver with EMT simu-
lations shows that the proposed models accurately estimate
the current contribution and voltage support capability of
multi-IBRs under various FRT strategies. The absolute error
is within 0.01 pu in magnitude and 2.1° in angle, caused by
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TABLE 3. Phasors of IBR2 under instantaneous limiter

TABLE 6. Phasors of IBR2 under Vi-based limiter (Scheme Il).

(Scheme I).
. . Mag.  Ang.
Case Variable EMT Short-circuit Model error error
. . Mag.  Ang.
Case Variable EMT Short-circuit Model erfogr eé‘fr Ve  0.822(25.545°)  0.828(25.124°) -0.006  0.42°
Vi 0351 (21.437°) 0352 (21.254°)  -0.001 _ 0.18° Vi, 0833(-83.418%)  0.839(-83.888%)  -0.005  0.47°
o . . Vie  0.962(150.529°)  0.968 (150.119°) -0.006 0.41
Vi  0.75(-80.812°)  0.752(-80.911°)  -0.001 0.1 2 . . o
Vie 0.758(126.094°)  0.76 (125.989° 0.002  0.11° Lora 1.199/(2.003%) 1.199(0.528%) ~ 0.000 = 147
1 Ve 0758(126094% - 0.76 (125.989%) - -0. A1 Ipws 0792 (-132.874%) 0.799 (-134.958%) -0.007 2.08°
Lipra 0.915(-44.249°)  0.918 (-44.561°)  -0.003  0.31 Ipre  0.851 (140.764°)  0.843 (138.893°) 0.009  1.87°
Igey  0.183 (66.7682 0.184 (68.3350) -0.002 -1.53 Vie 1031 (31438  1.035 (31.254°) -0.004 0.18°
Lpr.  0.866 (147.096°) 0.863 (146.794°)  0.004 0.3 Vi 0906 (:91.469%  0.909 (-91.618%) -0.003 0.15°
Viva  0.802(18.675°)  0.803 (18.527°) ~ -0.001  0.15° 3 Vire 0932 (156.743°)  0.936 (156.592°) -0.004 0.15°
Vi 0.797(-89.908°)  0.798 (-90.087°) ~ -0.001  0.18° Lisga 0.95 (23.944°) 0.947 (23.22°)  0.002 0.72°
5 Ve 0933(144.63°9) 0934 (144.493°) 0001  0.14° Ly 119 (-113.511°)  1.191(-114.266°) 0.000  0.76°
Lpras  0.922(-926°)  0.919(-9.628°)  0.003  0.37° Lsr.  0.808(119.096°)  0.808 (118.157°)  0.001  0.94°
Lprs  0.601 (-156.672°)  0.602 (-157.25°)  -0.001  0.58°
Ipe.  0.527(132.876°) 0.523(132.318°)  0.005  0.56°
TABLE 7. Phasors of IBR1 under priority-based limiter
(Scheme II).
TABLE 4. Phasors of IBR3 under priority-based limiter
heme I).
(Scheme ) Case Variable EMT Short-circuit Model I:ifogr. ?rrrlfr
o o Vie  1.003(27.803°)  1.006 (27.661°) -0.003 0.14°
Case Variable EMT Short-circuit Model err(i errff Vi 0.714(-99.783%)  0.716 (-:99.961°) -0.002  0.18°
Vo 093 GISIE)  0932GIA77) 0002 0.04° 4 Vi 0.802(162.937°) 0803 (162.79°) -0.002  0.15°
. . . Lgra 077 (15.009°)  0.764 (14.339°)  0.007 0.67
Vi 0988 (-87.723°)  0.991 (-87.745°) -0.003  0.02 o : o
Lpey  1.187(-130.532°) 1.186 (-131.132°) 0.000 0.6
| Vie 0971 (148.949°) 0.974 (148.882°) -0.003 0.07° Ise 0703 (87.789°) 0705 (86.725°)  -0.003 1.06°
Lira 1 (10.946°) 1(10.395°) ~ 0.000 055 Vie  0.772(36.581°)  0.775 (36.742°) _-0.003 -0.16°
Iy 0.943(-1033°)  0.942(-103.816°) 0.001  0.52° Vi 0.771(-83.407°)  0.775(-83.258°) -0.005 -0.15°
I]BRL‘ 1.056 (136439 ) 1.056 (13596 ) 0.000 0.48 5 VLV(‘ 0.772 (1566830) 0.775 (1567420) -0.004 -0.06°
Viva  0.937(30.007°)  0.939(29.99°)  -0.002 0.02° LIpre  1.137(1.808°)  1.138(1.974°)  -0.001 -0.17°
Vi 0.952(-86.849°)  0.955(-86.833°) -0.003 -0.02° Lgry  1.138(-117.909°) 1.138 (-118.026°) 0.000  0.12°
V. M ° 1 C . hd . . . -
5 Vi  0.989(150.819°) 0.992(150.799°) -0.003  0.02 Ipre  1.14(122.118°)  1.138(121.974°) 0.002  0.14°
Lpr,  1.051 (13.096°)  1.053 (12.655°) -0.003  0.44°
Lgry  0.947 (-107.113°) 0.949 (-107.523°) -0.002  0.41°
Lisre 1(138.135°) 1.003 (137.727°) -0.003  0.41° TABLE 8. Phase currents under different current limiters.
Current limiter 1iBRa IiBro IiBre
TABLE 5. Phasors of IBR1 under 2800 limiter (Scheme lI). Instantaneous limiter 0.917 (-9.47°)  -9.468 (0.6°)  0.597 (-157.25°)
Magnitude limiter 1.195(7°)  6.996 (0.77°) 0.766 (-125.48°)
) — Mg, Ang. Priority-based limiter 1.197 (4.45°)  4.446 (0.78%) 0.779 (-129.29°)
Case Variable EMT Short-circuit Model =~ 2800 limiter 1.2(451°)  4515(0.78°) 0.781(-129.18°)
VLVa 0.817 (234080) 0.82 (233020) -0.002 0.11° VI-based limiter 1.199 (0570) 0.566 (080) 0.799 (-1 34980)
Vs  0.819(-86.257°)  0.821(-86.364°) -0.002 0.11°
) Vie 0942 (148511°)  0.945(148.398°) -0.002 0.11° ) . .
Liska 1.2 (3.181°) 1.2 (3.034°) 0.000  0.15° 'I:AE?LE 9. Active and reactive currents under different current
Isry  0.82(-129.951°)  0.819 (-130.141°) 0.001  0.19° limiters.
Lgr.  0.876 (140.087°)  0.875(139.992°)  0.001 _ 0.09°
Via 0984 (29.606°)  0.987(29.527°) -0.002 0.08° . N 0 B o
Vi 0.828(-93.745°)  0.83(-93.804°)  -0.001  0.06° Current limiter  [jpp, Iipp, Iipr— Iigp  Virs Vir-
Vie  0.871(157.006°) 0.873 (156.962°) -0.002  0.04°
3 Instantaneous 0.844 0.092
1BRb A D4 ’ - Magnitude 0.849 0.092
Lpre  0.715(116.926°)  0.713(116.612°)  0.002 031 lirniter 085 035 000 028 3)h000 (9r7160)
Priority-based 0.86 0.092
limiter 0.84 039 000 028 31 5940) (:92.802°)
the tolerance for convergence, pre-fault conditions of IBRs 2800 084 039 000 o028 086 0.092
S R A ’ ’ limiter : : : “% (31.648%) (-92.782°)
and the simplifications in IBR controllers. VI-based 081 045 000 o028 0875 0.092
To examine the performance of FRT strategies, Case 2 limiter i ) : (30454°) (-92.952°)

(Scheme 1) is taken as an example. The current injection
requirements specified in the IEEE 2800 standard are sum-
marized in Appendix C. Table 8 shows the phase currents
of IBR2 under different FRT strategies. With the 2800 lim-
iter, the current in the faulty phase reaches the current
limit (1.2 pu), fully utilizing the converter’s current capacity.
The active and reactive current contributions of IBR2 under
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different FRT strategies can be calculated by (1), as shown in
Table 9.

With the magnitude limiter, the incremental I1R is lower
than the incremental I2R, violating the IEEE 2800 stan-
dard. In addition, with these FRT strategies, [2A equals 0,
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FIGURE 15. Current contribution of IBRs in Case 3 (Scheme lI).

indicating that 12 leads V2 by 90°, meeting the IEEE
2800 standard. The VI-based limiter demonstrates the highest
magnitude of V1, indicating that it is the most effective
method for providing voltage support. Overall, following
the steps of the proposed short-circuit calculation method,
the system operator can efficiently perform short-circuit
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FIGURE 18. Phase B current contribution of IBR3 under different
solvers (Case 5, Scheme ll).

calculation of IBR-rich systems for protective relaying stud-
ies and the evaluation of FRT strategies.

C. ROBUST CONVERGENCE

The section shows that the Newton-based iterative solver
shows superior convergence characteristics and addresses
the non-convergence issue under the conventional fixed
point-based solver. Figs. 13—15 show the iteration process.
Figs. 16—18 show the comparison between the Newton-based
iterative solver and the fixed-point iterative solver using

MANA. Table 10 presents the iteration numbers for various
scenarios.

V. CONCLUSION

Modern grid codes require IBRs to implement specific FRT
strategies, which introduces complexity in current limiter
design and short-circuit calculation. This paper addresses
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TABLE 10. Comparison of iterations of short-circuit solvers.

Case : : Number of iterations
Fixed-point solver | Newton-based solver
1 12 7
2 103 10
3 Non-convergence 11
4 Non-convergence 12
5 13 11

Algorithm 1 Instantaneous limiter

d+lim yg+lim| _ Limx lim* \ .
[Igsc+ ’ [gsc+ J - {kdlgsc—H kqlgsc—i-} ?
g+ q+lim
IF Igsc+ > Igsc+
Iq+* _ Iq+lim'
gsc+ — gsc+ ;
g+ q+lim
ELSE IF 107 < —18+Y
Iq+* o Iq—i—lim,
gse+ — T lgse+ o
END

END 4
W
I +x I +lim,
gsc+ — “gsc+ .
ELSE IF [0 < —18H
Id+>k _ _Id+lim.
gsc+ — gsc+
END
END
7d Fq+*
Igs—ci'_i’ ngsc—l-}

— d+x ggtx | F* —
- {Igsc+’1gsc+} ’ Igsc—i— -

~d+x g+ ;
(Igsc-i- +JIgsc+) 6/90;

~%
RETURN /.,

these challenges by proposing phasor domain short-circuit
models of IBRs incorporating various FRT strategies and
an iterative solver for rapid short-circuit calculation in IBR-
integrated power systems, combining a modified Newton
algorithm with MANA formulation.

The key findings demonstrate:

(a) With the CS-based limiter, the current contribution of
IBRs is determined by their FRT strategies. With the VI-based
limiter, the current injection of IBRs is determined by the
equivalent voltage and impedance of IBRs and AC systems.

(b) The proposed short-circuit model accurately estimates
the current contribution and voltage support capability under
steady-state fault conditions. The MANA formulation with
Newton-based iterative solver shows superior convergence
and addresses non-convergence issues when compared to the
MANA formulation with fixed-point solver.

(c) From the comparative studies on these FRT strate-
gies, the IEEE 2800 compliant limiter fully utilizes con-
verter current capacity, and the VI-based limiter enhances
the voltage support capability. The proposed short-circuit
models enable protection engineers to efficiently analyze
short-circuit behavior in IBR-integrated systems, support
FRT strategy development, and conduct comprehensive pro-
tective relaying studies.
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Algorithm 2 Magnitude limiter
dq+
I;;c—i- = abs({g?@:);

IF I;SC+ > I[glsng+

I* =7 im .

gsc+ gsc+»
END o
~ ~k ~ i\ o+angle| :IL * .
Iy Iy Igsc+ = I;sc'+ej( (g - )> >

gsc+ = gsc+ ;

~%
RETURN /.,

Algorithm 3 Priority-based limiter

q+x* lim
IF Igsc+ > Igsc+

qt* _ glim .
Igsc+ - Igsc+’

R .
ELSE IF 1[0} < —1lm,

+* l .
ngSC+ = —Igg
END

END
d li 2 Tq+x* 2
IF Igs-l'_i > \/(Iglsng+) - (Igsc+)
d lim )2 s+ )2
Igst—t = \/(Igl;?—i-) - ([gvcj—) ’

. ~ 2
ELSE IF 1417 < —\/ (ilm ) — (1‘1+ *)

8 gsc+ gsc+
d+ lim \2 _ (59}
Igsc-T— = _\/(Igls’2+) - (Igsc-i-) ’
END
END .
Fd+x Fa+* d+x ya+x]. §
{Igsci’ Igsc-i-} = {Igsc-t’ Igsc-i-} ’ Igsc+
~4 o+ .
(Tahes +7T8e) e
~%
RETURN T,
APPENDIX

A. CURRENT LIMITER ALGORITHM
See Algorithms 1-5.

B. NEWTON-RAPHSON-BASED SOLVER

The Newton-Raphson-based solver [28], [29] linearizes the
short-circuit model of IBRs I BR = f(Vry) around the
solution of the k-th iteration (k >1), as given by

~ k) of (Vrv)
Tisg = I1gp f—LV

o (vo-vl) @
LV

From (A1), the IBR model can be linearized to a Norton
equivalent, i.e., a virtual admittance Y pr = of (Vrv) / Vv
in parallel with an ideal current source. This added lin-
earity allows for seamless integration of the IBR model
equations with the network’s linear equations. For the k-th
iteration (k >1), the virtual admittance can be determined
as
~(k ~(k—1
Bl

y® of Vo) _
- (k) (k—1)
Viv=Viv

IBR — —
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Algorithm 4 IEEE 2800 compliant limiter

Calculate {Ig;j, TR AN Ig;i} by (4) and (10);

IF 797% > qlim

gsc+ gsc+

]q“"* _ ]lim .

gsc+ — gii:-’ p
ELSEIF [} < —I.7,

Iq+* — Ilim .

gsc+ — gsc+

END
END

2
d+ lim \2 Fq+x
IF Igsc-?i > \/ (Igfvrg-i-) - (I g;w—)
d+ lim \2 _ (79t )%
Igsc-&>li = \/(Iglsrg—&—) - (Igsc+) s

. - 2
ELSE IF 19+ < —\/ (rlim )* — (ﬂ**)

& gsc+ gsc+
d li 2 Tq+x* 2 .
Igs—Li‘_ji = _\/(]gfrn:+) - (Igsc+) ’
END
END

d+ rqt* 0o .
Igsc+ = (Igsc-l*— +JIgsc+) e %

P abs (7‘1‘* +jjq—*) J(oo—angte(Tim 4757,

gsc gsc— gsc— )
O+—% _ 7* 7* .
Igsc - [0 Igsc+ Igsc— :| ’
2
a=ed3;A=[111;1c%a; laa?];
lim
Iabc* =AIO+_*; e = gsc :
gsc gsc scale = Tper)) (abs (Igs”f*))
~x ~% ~x =
Igsc+ = K¥fle1gsgi; Igscf = Kscalelgscf;
RETURN Igsc+’ Igsc—

Algorithm 5 Virtual Impedance-based limiter

Assume Z,; = 0, calculate I g5 by (5);

IF abs (Igset) < I3i¢y
~%

Ryir+ = 0; Igsc-i— = Igscjf—;
ELSE IF abs (I gs1) > I

gsc+
Calculate Efr* by (13);
Ed+*gj00 -V, .
Ryir+ = abs (+T+q+ - Zeq-l—)/(l +]0)) ;
gsc
) BTl v
- i J(angle(m)).
Igsc+ = Ig?nge o " ’
END
END »
RETURN I/, .,

C. CURRENT INJECTION REQUIREMENT IN IEEE 2800
STANDARD
(a) IBRs shall be capable of injecting current up to the maxi-
mum current limit under FRT mode.
(b) For full-size-type IBR, 12 shall lead V2 by 90°—100°.
(c) During unbalanced faults, the incremental I1R shall not
be lower than the incremental 12R.
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TABLE 11. Detailed control parameters of IBRs.

Control Control Parameter Value
strategy
PSL parameter (droop control: Dp) 0.8038
PI parameters (VI) 0.25, 65
GFM control PI parameters (inner voltage control) 2,200
PI parameters (inner current control) 1,10
PI parameters (DDSRF-PLL) 7.5,300
GFL control PI parameters (DC voltage control) 1.2,24.5
PI parameters (inner current control) 1.6,23.9
—IBRI1 IBR3 SG2 SG4 SG6 SG8
——IBR2 ——SGl SG3 ——SG5 ——SG7
1.5

.

P (pu)

)

0 L -
29 295 3 3.05 3.1 29 295 3 3.05 3.1
Time (s) Time (s)
(a) (b)

FIGURE 19. Active and reactive power outputs of generation.

Phase A

Phase B

Phase C

DC-link

29 2.95 3 3.05 3.1 3.15 3.2 3.25 33
Time (s)

FIGURE 20. DC-link voltage and AC terminal voltage of IBR1.

D. DESCRIPTION OF THE EMPLOYED EMT MODEL

The EMT model is modified based on the EMTP bench-
mark and library element [13], [39], [40]. Detailed control
parameters of IBRs can be found in Table 11. To examine
the dynamic performance of the EMT model, a bolted ABCG
fault at B14 (Scheme II) is taken as an example. The responses
of the terminal voltage and active and reactive power are
shown in Fig. 19 and Fig. 20. The rated power (Spase) iS set
to 1000 MVA.
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