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Beyond SCR in Weak Grids: Analytical Evaluation of
Voltage Stability and Excess System Strength

Aleksandar Boric¢ié¢

Faculty of EEMCS
Delft University of Technology
Delft, The Netherlands
A.Boricic@tudelft.nl

Abstract— Due to the continuous increase (decrease) in the
number of inverter-based (synchronous) generators in modern
electrical power systems, the theoretical foundations behind
widely used system strength and voltage stability assessment
methods require thorough revision. The existing evaluation
methods such as the Short-Circuit Ratio (SCR) are often based
on simplifications which may produce inaccuracies, particularly
when studying weak systems. As a result, a misleading estimation
of voltage stability can occur, exposing systems to unnecessary
renewables curtailment or other inappropriate remedial actions
that may cause partial disruptions or potential instability. This
paper provides a rigorous analytical revision of voltage stability
assessment to confidently evaluate the maximum power transfer
under various operating conditions. Subsequently, the proposed
approach is applied as an enhanced method of system strength
evaluation. The method is extensively tested on a single-machine-
infinite-bus test system. Numerical results show a notably more
accurate assessment relative to the common alternative methods.

Index Terms—System Strength, Voltage Stability, Weak
Grids, Voltage Collapse, Inverter-based Resources

I. INTRODUCTION

Decarbonization of the electricity supply exposes power
systems to unprecedented changes. The number of Inverter-
Based Resources (IBRs) increases rapidly as a replacement for
a fossil-based synchronous generation. An often-encountered
challenge in such modern power systems is voltage stability [1-
4]. The measure of voltage stability resilience is often described
as system strength, analogous to inertia and frequency stability
[5-9]. System strength is, however, a complex concept with
distinct steady- and dynamic-state characteristics [9]. This
paper focuses on steady-state characteristics. The dynamic
performance is discussed in [8-11]. Other aspects of low system
strength, such as protection misoperation [12, 13] and power
quality deterioration [6], fall beyond the scope of this paper.

A common metric to evaluate system strength is Short-
Circuit Ratio (SCR) [5]. However, SCR is merely a convenient
simplification of system strength. Recent research highlights
some of its main drawbacks, particularly for the analysis of
weaker grids [9, 14-15]. New methods to tackle these
challenges emerge, such as voltage sensitivity [15], generalized
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SCR [16], and many more, with an overview in [9, 14]. As SCR
is unable to take into account shunt capacitors, methods like
Effective SCR (ESCR) were proposed [17]. Moreover, the grid
X/R ratio is often neglected. The impact of multiple IBRs on
system strength is explored extensively in [18]. Finally, load
plays an important role in system strength evaluation, however,
its impact is often not captured by existing methods [15, 19].
Therefore, most of the existing methods fail to capture the full
scope of steady state system strength. This may result in a
misestimation of both system strength and voltage stability.

The result is an increased risk of voltage instabilities [1-3].
Alternatively, as the curtailment of renewables becomes more
common to preserve sufficient SCR [10, 14], renewable sources
may end up underexploited due to potentially misleading
outcomes obtained by system strength evaluation methods.

In this paper, an extensive and rigorous analytical derivation
of maximum power transfer considering voltage stability limits
is presented. This approach is further utilized to derive a novel
and more accurate system strength evaluation method.

The paper is divided into four sections. Section Il provides
a detailed analytical derivation of voltage stability boundaries.
In Section 111, the impacts of loads, capacitors, and the X /R ratio
are explored. In Section IV, a novel system strength method is
introduced and extensively validated. Finally, conclusions and
future research directions are presented in the last section.

Il. STEADY-STATE VOLTAGE STABILITY LIMITATIONS

For derivation and demonstration of the applied analysis, a
single-IBR-infinite-bus system is used, as shown in Fig. 1.
Based on this system, the following equations are written:

Vs20 Viz6
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Figure 1. IBR grid connection, represented by a Thevenin equivalent.
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V;cos@ — jV;sinf — V,
S = (V;cos@ + jV;sinf) — Al )

R—jX
a = R/Zz H ,8 = X/zz (3)

By separating real and imaginary parts of (2) and combining
those with (3), (4) and (5) are derived for active/reactive power.

P = a(V? —V;V,cos0) + BV;V,sinb (4)

Q = B(V? - Vi¥scos0) — aV,Vsing ®)

If R = 0 is assumed, this simplifies to the expressions in (6).
The impact of R > 0 is investigated in Section I11.
V;V.sin@ V2 —V;Vicos6 6
P=—1'—; Q= < (6)
Expression (6) dictates the maximum active power transfer
with respect to the angle stability, and the necessary reactive
power to sustain that transfer. However, these expressions do
not consider static voltage stability. To derive voltage stability
limits, inspired by the approach in [18], (1) can be rewritten as:

728" =VE-V V' ™

If ZS5* =a—jb, where a and b are real numbers, real and
imaginary parts of (7) can be separated as in (8) and (9).

a =V =VVcosd = f,(V;,6) ®)
b = ViVisin8 = f,(V;,0) 9)
The Jacobian matrix of f = [f, £5]17 is further derived:
[0h 4]
I |6Vl- 96 | _ [ZVL- —V.cos8 V,V;sinf (10)
lafz 6f2| Vssinf ViVicosO
av; a6

A singular Jacobian matrix indicates a system voltage
instability condition. The stability boundary is therefore found
by solving the det(J) = 0 expression, and is shown in (11).

1V,
cosl = SV = Omax
l

For a base case V; = V_= 1 pu, the maximum angle equals
60°. This is lower than the angle stability limitation of 90°
implied by the active power computed by (6). We, therefore,
extend this approach further by incorporating the voltage
stability boundary (11) into the power transfer (6) equation:

1V,
= —— 11
acos(2 Vi) (11)

. 1V,
V.V.sin,. .. V;Vsin(acos (77‘;))
Brax = X = X
By using the trigonometric identity sin(acos(x)) = V1 — x2,
a novel expression for static voltage stability limit in terms of
maximum power transfer is derived in (13).

(12)

1

1V,\?
Prax =3V [1-(52) (13)

2V,

For transferring P = P, in (13), the reactive power
required to maintain the voltage can be computed by combining
(6) and (11), as shown in (14):

_ Vi2 — ViVscosOimax _ 1
QP:Pmax - X - X

2
vi-2y

For an illustrative case with parameters S, =V, =V, =X =
1pu, B, is computed for the boundary stability condition
based on the SCR metric and compared to (13):

Vlflom/
Ssc X

SCR=1= = 5P =1pu (1D
max max
1 1V,\* 3
Prax = 3 Vils 1= (EVS) = —-=0.866pu (16)

The maximum power transfer is lower than what the SCR
implies. This is due to an IBR being a PQ source, rather than a
PV source. In other words, IBR does not behave as a voltage
source but is instead perceived as a current source from the bulk
power system perspective. This fundamentally differs from a
synchronous generator electromagnetically coupled to the grid,
which would be able to operate at P,,,, ~ 1 pu in asimilar case.

SCR is therefore an over-optimistic measure of system
strength and the voltage collapse boundary with IBRs.
Furthermore, SCR does not take into consideration the actual
operating voltage V;. Meanwhile, expression (13) does. The
relation is depicted in Fig. 2, by plotting the function B, =
f (V) for a per-unit system with base S, =X =V, = 1.
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Figure 2. Maximum power transfer as a function of operating voltage.

For V;=1pu, a maximum of P =0866pu can be
transferred, as shown in (16). Furthermore, transferring P =
S¢c = 1pu (as implied by SCR) would result in a voltage
collapse for V; = 1 pu. Instead, the voltage would need to be
higher (v; = 1.118 pu) for such a transfer to be feasible from a
voltage stability perspective. Therefore, in a lossless system
with a PQ source supplying power to the grid, the SCR method
is an over-optimistic measure of system strength. In contrast,
the derived approach (13) shows high accuracy. The analytical
expressions are validated through simulations in Section V.

I11. IMPACT OF LOADS, CAPACITORS AND THE X/R RATIO

Section 1l explores the maximum power transfer by
assuming there are no shunt elements like loads or capacitors,



and that the system impedance is dominantly reactive (R ~ 0).
In this section, it is further explored how these assumptions
affect the maximum power transfer and system strength.

A. Impact of local loads on system strength

The system shown in Fig. 1 is altered with the addition of a
local load at bus i (P, > 0). Deriving the boundary condition for
such a case is relatively simple. What matters for the voltage
stability is the power transfer towards the system, from the
system perspective. In other words, the net maximum active
power transfer. This can be calculated as proposed in (17):

Pret max = Pnax + P (17)

The maximum power transfer with a load included is evaluated
analytically for a load of P, = 0.2 pu. The results are shown in
Fig. 3. For nominal voltage, voltage collapse occurs at power
transfer Per max = 1.066 (dashed line), which is precisely in
line with (16) and (17). Furthermore, it can be seen that the
entire plot from Fig. 2 is shifted upwards by the value of P, in
line with the analytical expressions (16) and (17).

o
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\

(1,1.066) L »

-
o

o
™

(1, 0.866)

N =
> o

Max. Power Transfer (Pp,ax) p.u.
o
N

o
QO
~

0.5 0.6 0.7 0.8 0.9 1.0 11 1.2
Voltage (V;) p.u.

Figure 3. Maximum power transfer as a function of operating voltage V; with

the presence of a local load.

It is important to note that a constant active power load is
assumed. If there is a voltage dependence, it should be reflected
as P, = f(V;) relation. Nevertheless, the derived relationship
(17) holds for such a case as well. However, the upward shift in
Fig. 3 would not be distributed equally along the curve.

B. Impact of capacitors on system strength
The impact of shunt capacitance is evaluated now, assuming
a capacitor Q. > 0 connected in parallel at bus i in Fig. 1. Q.
2
can be expressed as Q. = Vi /Xc’ where X, is the capacitive

reactance. To derive the boundary voltage stability condition,
the impedance equivalent is first derived, as shown in (18).

iX, x (—jX X X
Z' = 7,17, = ] L (_J. ) y L_c
— = JXL+(—jXo) Xe— XL

Alternatively, with the nominal reactive power of the
2

capacitor Q;,, = Vinom/ X, (18) can be rewritten as (19):

(18)

g XXe X X
CXe—X, 1-X./Xc 1%l (19)
2
Vinom

Using the voltage divider principle, the new Thevenin
source voltage is derived in (20) and (21).

V=V z =1V ! = %
S SZ o XLQCnom Bl 1_fC (20)
1——="
Vinom
X1Qc
fe=X./Xc = % (21)
inom

By inserting (19) and (20) into (13), (22) is obtained, which
is the novel analytical expression of the maximum active power
transfer in the presence of a shunt capacitor.

ar =20 1= (52
max_X i's 2Vi(1_f(;)

The necessary reactive power to sustain this active power flow
is calculated by inserting (19) and (20) into the expression (14).

) |V B VL A
P=Pmax — X i 2 1_fC

This dependence is visualized in Fig. 4 (S, = V; =V, = 1 pu).

The Y-axis depicts the maximum power transfer for the reactive
power compensation in per-unit values shown on the X-axis.
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Figure 4. Maximum power transfer as a function of shunt compensation
normalized by the short-circuit capacity.

For no compensation, the maximum power transfer is equal
to 0.866 per unit, as expected from (16). However, as more
reactive compensation is added, maximum power transfer
drops. For Qc, . = 0.1(0.25) pu, the maximum power transfer
drops to 0.8315 (0.7454) pu, respectively.

To understand these effects, two aspects are important.
Capacitors increase system impedance, as per (19). This
reduces system strength. However, they also boost the voltage
by injecting reactive power, which increases system strength.
Fig. 5 shows the comparison for the same voltage level, i.e.
given the same voltage, the bus with less compensation needed
to achieve that voltage is the stronger bus. If it is, however,
assumed that adding a capacitor would increase the voltage, the
maximum power transfer could increase. To showcase this, two
illustrative cases are considered and visualized using (22); the
first one with a nominal voltage V; = 1 pu, and the second one
with an assumption that the shunt capacitor boosts the voltage
to V; = 1.1 pu. The results are shown in Fig. 5.



N
N

-
o

(0.25, 0.875)

= __

08 0, 0.866)

—
-~

(0.25, 0.745)

o
o

o
~

o
[N}

_—— =1
_—= 1

0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Reactive Power Compensation (Qcnom) p-U.

Max. Power Transfer (Ppmax) p.u
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In this case, the addition of a capacitor was able to increase
the maximum power transfer from 0.866 to 0.875 pu. However,
to maintain voltage stability, the operating voltage had to be
increased from V; = 1 to V; = 1.1 pu. If the voltage remains the
same, the maximum power transfer would decrease to 0.745 pu.

Therefore, capacitors have two opposing effects on system
strength. They increase system impedance (negative effect) but
also increase operating voltage (positive effect). Which effect
would be dominant depends on the system parameters, and it
can be evaluated using (22). Simplified methods such as ESCR
ignore these intricacies and may over- (under-) estimate system
strength. The derived expressions are validated in Section 1V,

C. Impact of the X/R ratio on system strength

Finally, it is explored how the X/R ratio affects maximum
power transfer and associated system strength. If R = 0, (6) is
no longer valid, and (4) and (5) should be used. However, the
boundary condition defined by (11) is still applicable, as it is
derived for any R. Therefore, (11) is integrated into (4) and (5).
For simplicity, we define M and N, keeping in mind the 6,,,,
derived in (11), as well as the mentioned trigonometric identity.

M = V? = ViVsc0SOpqy = VZ — — (24)

N = VV;sinBpay = ViV (25)

Boundary active power transfer and its corresponding
necessary reactive power can now be expressed as follows:

Pmax(thO) =aM + ﬁN (26)

R V2 X 1V\2
Prnax(re0) = ﬁ(sz - %) + Vil [1- (EVS) (27)
Qp=ppyax(rz0) = BM — aN (28)

X V2 R 1V,\2
Qp=p,,, = —<V-2 ——) - =VV |1- (——) (29)
P=P. (R%0) 72 i 2 72 i¥s ZVL

From (26), the boundary transfer is increased by the value aM,
implying that system strength is increased with R > 0.

However, careful observation reveals that the expression gN is
not the same as (13) due to X = |Z]. The impact of resistance,
therefore, becomes more intricate. To shed light on this, Fig. 6
plots the dependence Ppayr=0) = f (X, X/R), with the X-axes
depicting the system reactance X and the X /R ratio. For X ~ 1
(X/R — ), the maximum power transfer is equal to 0.866, in
line with (13) and Section Il. However, the function
Prax(r=0) = f(X) reaches a maximum (Pmax(Ri()) = Ssc = 1pu)
for X = 0.866, where X/R = 1.7321. Hence, decreasing the X /R
ratio from a very high value towards 1.7321 increases the
maximum active power transfer from 0.866 to 1 per unit (from
the red dot on the right towards the left one in Fig. 6).
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Figure 6. Maximum power transfer as a function of the X/R ratio.

However, the relationship is concave, with a peak. In other
WOrds, Puaxre0) drops with a further decrease of X/R. For a
fully resistive system, maximum power transfer drops to only
0.5 pu. The derived analytical expressions for P .y-0) and
Qp=p,,,, (r=0) are validated with simulations in Section IV.

The question arises whether the ratio X/R = 1.7321 is a
constant parameter that allows for peak maximum power
transfer in every case. The answer is no, as the peak ratio also
depends on the operating voltage V;. This is demonstrated in
Fig. 7, by plotting the Py axz-0) = f(X,X/R) dependence for
typical operating voltage range V; = [0.9 — 1.1 ] pu.
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Figure 7. Maximum power transfer as a function of the X/R ratio and voltage.

From Fig. 7, the maximum active power transfer occurs at
X/R = 1.381(2.415) for V; = 0.9 (1.1). Therefore, the optimal
X /R ratio for peak maximum active power transfer takes a value
in the range[1.381 — 2.415], depending on the steady-state
operating voltage. The common assumption that a relatively
larger resistance increases maximum power transfer capacity is
hence only valid up to a point, after which the opposite occurs.



IV. EXCESS SYSTEM STRENGTH METHOD

In Sections Il and 11 it is shown that SCR is an incomplete
method that may significantly overestimate system strength. In
this section, a new method for system strength evaluation is
introduced, based on the analytical description of the voltage
collapse boundary obtained in Sections Il and 11l. The Excess
System Strength (ESS) method is hereby introduced. It is
defined in (30), based on the balance of system strength supply
and demand, normalized by the bus short-circuit capacity Sg.

SSsupply - SSdemand
SSC

For the bus to maintain voltage stability, there needs to be
an excess of system strength available:

ESS = (30)

ESS>0 = SSquppiy > SSaemana (31)

The supply of system strength is defined as the maximum
possible power transfer at the bus, considering impedance,
capacitors and X /R ratio. Therefore, equations (13), (22) or (27)
are to be used for P,,,,. Equation (33) exemplifies this for (13).

SSsupply = Pnax S$Saemana = Pigr — P (32)
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The ESS method is hereby tested against two common
system strength evaluation methods, SCR and ESCR. A simple
model shown in Fig. 8 is simulated in DIgSILENT
PowerFactory 2022. The IBR is modelled as a PQ source using
the IEC Wind Generator Type 4B model [20].

Ssc = 2250 MVA
Viz0 E)!_Q

I
_T_
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Figure 8. Simple test system for system strength evaluation.

Table 1 shows 20 scenarios selected to reflect various
operating conditions. In cases A1-A3, methods are compared
on a system withpP, =0,X, =0, andR =~ 0. For case Al,
1000 MW is transferred. Both SCR and ESS indicate voltage
stability, which is validated by simulations. Note that the ESS
value indicates that an extra 948.5 MW can be transferred
(0.4216 * Sg¢), which is also the boundary voltage stability
condition in simulations. When the power increases to the
boundary (1948.5 MW), SCR remains larger than 1, incorrectly
indicating that more power can be transferred. Meanwhile, ESS
is near 0, correctly indicating the boundary condition. If the
power increases further by only 1.5 MW (A3), the voltage
collapses. This is accurately predicted by a negative ESS, while
SCR is still larger than 1, overestimating system strength. SCR
implies that 2250 MW can be transferred, equal to Sg..
However, as per derivations in Section |1, this is unfeasible.

Simulations B1-B4 explore the impacts of the operating
voltage. For case B1, which is the same as A1 with 1000 MW/,

but now with V; = 0.95 pu, SCR has the same value as in Al.
Thus, SCR is insensitive to the change in voltage as it is
typically calculated with nominal values. In contrast, ESS is
0.3633, indicating an extra ~817.5 MW of capacity available
(0.3633 = Sg¢). By increasing power to the boundary condition,
it is found that precisely 1817.5 MW is the maximum power
transfer (MPT) at V; =0.95pu, as predicted by ESS.
Meanwhile, SCR is still larger than 1 (1.238), wrongly
indicating that the system is far from a voltage collapse. If the
power experiences further increase (B3), a voltage collapse
occurs, as predicted by negative ESS. SCR is, however, still
positive, overestimating system strength. In case B4, the
operating voltage is increased to ~1.15 pu. Here, simulations
show that the MPT is 2330 MW, i.e. more than what SCR
suggests. Therefore, SCR can also underestimate system
strength by not taking into account the operating voltage. ESS
is conversely able to pinpoint the MPT, even with variable V;.

In cases C1 (C2), a 400 (600) MW load is introduced. Based
on the boundary voltage stability results, the MPT is
2348.5 (2548.5) MW, respectively. This is equal to case A2
with the addition of load, as predicted by (17). Therefore, while
SCR labels these cases as unstable, ESS correctly characterizes
them as boundary cases. In other words, ESS is, unlike SCR,
able to consider the positive impact of load on system strength.

Simulations D1-D3 show how capacitance impacts system
strength. A shunt capacitor with Q= 250 MVAr is added,
and system strength is evaluated for three different voltages. In
case D1, the MPT for V; = 1 pu is found in simulations. In this
case, SCR overestimates system strength, while ESCR,
designed to consider capacitors, performs better. However, it
still inaccurately indicates that there is some power transfer
margin left. ESS locates the boundary condition accurately, as
per (22), perfectly matching simulations. In cases D2 and D3,
simulations are repeated for V; = 0.9 (1.1) pu, respectively.
ESCR is unable to accurately find the boundary condition,
overestimating (underestimating) system strength in D2 (D3).
On the other hand, ESS is again able to precisely match the
boundary condition, and thus perform much better.

Finally, cases E1-E8 show the impact of resistance on
system strength. Cases E1-E3 show the operation for the ratio
X/R = 10. For case E1, one already sees a problem for SCR, as
it is equal to case Al, where R = 0. Meanwhile, ESS predicts
that an extra ~1050.75 MW (0.4670 = Sg.) of transfer is possible
before a voltage collapse (note the difference with case Al).
Indeed, simulations confirm that 2050.8 MW is the boundary
condition for voltage stability, as seen from case E2. If power
is increased further (E3), a voltage collapse occurs. SCR fails
in evaluating this, while ESS predicts the voltage collapse point
accurately. Simulations E4-E6 evaluate the impact of the X/R
ratio on power transfer. When the ratio decreases from 10 to 5
(E2 to E4), the MPT is increased. The same occurs when the
X/R ratio is decreased to 2 (E5). However, when the X /R ratio
further decreases to 1 (E6), the MPT in simulations decreases,
as predicted in Section Il-c (Fig. 7). Therefore, the expressions
for ESS correctly evaluate the impact of the X /R ratio on system
strength, as per E1-E6. Meanwhile, SCR falls short in
determining the MPT as it does not consider the X/R ratio. This
is emphasized further in cases E7 (E8), where V; = 0.9 (1.1) pu,
with a 500 MW load in the latter case. SCR significantly over-
(under-) estimates system strength in these two scenarios.



TABLEI.  SIMULATION RESULTS BASED ON FIG. 8 SYSTEM, COMPARING DIFFERENT SYSTEM STRENGTH METRICS OVER VARIOUS OPERATING SCENARIOS.
Operatin P V; P Qcom Voltage
ssenariog [l\/f\B}\I;] [l\?\I/BARr] [kV 0 [deg] [M\s\/] [MVATr] X/R SCR ESCR ESS collapge

Al 1000.0 234.5 150.0 26.39 0 0 inf. 2.250 - 0.4216 No

A2 1948.5 1124.9 150.0 59.99 0 0 inf. 1.154 - = 0.001 Boundary
A3 1950.0 - 150.0 - 0 0 inf. 1.153 - -0.0006 Yes

Bl 1000.0 142.5 142.5 27.89 0 0 inf. 2.250 - 0.3633 No

B2 1817.5 905.6 142.5 58.23 0 0 inf. 1.238 - ~0.001 Boundary
B3 1850.0 - 142.5 - 0 0 inf. 1.216 - -0.0144 Yes

B4 2330.0 1850.3 172.6 64.15 0 0 inf. 0.965 - ~0.001 Boundary
C1 2348.5 1124.9 150.0 59.86 400 0 inf. 0.958 - =~ 0.001 Boundary
C2 2548.5 1124.9 150.1 59.87 600 0 inf. 0.882 - ~0.001 Boundary
D1 1860.3 734.3 150.1 55.71 0 250 inf. 1.209 1.075 =~ 0.001 Boundary
D2 1722.5 539.37 142.5 53.68 0 250 inf. 1.306 1.161 ~0.001 Boundary
D3 2126.9 1154.3 165.0 59.21 0 250 Inf. 1.057 0.940 ~(.001 Boundary
El 1000.0 126.9 150.0 25.89 0 0 10 2.250 - 0.4670 No

E2 2050.8 925.5 150.0 59.93 0 0 10 1.097 - =~ 0.001 Boundary
E3 2055 - 150.0 - 0 0 10 1.094 - -0.0018 Yes

E4 2131.3 721.0 150.0 59.99 0 0 5 1.056 - ~0.001 Boundary
E5 2245.9 134.8 150.0 59.95 0 0 2 1.002 - =~ 0.001 Boundary
E6 21733 -582.3 150.0 59.91 0 0 1 1.035 - ~0.001 Boundary
E7 1683.8 -697.4 135.1 56.19 0 0 1 1.336 - =~ 0.001 Boundary
E8 3188.4 -429.2 165.0 62.91 500 0 1 0.706 - ~0.001 Boundary

Conversely, ESS once again precisely matches the boundary
voltage collapse point found in simulations.

These simulations verify the analytical results derived in
Sections Il and 111 and show that ESS is a much more accurate
measure of the steady state system strength. SCR (ESCR) can
significantly over- or under-estimate system strength, as they
are not able to accurately take into account impacts of voltage,
loads, capacitors and X /R ratio. Meanwhile, ESS is shown to be
very accurate, in line with the detailed analytical expressions
for maximum power transfer. Therefore, it can be concluded
that ESS is a far more suitable measure of system strength.

V. CONCLUSION

The importance of accurate system strength evaluation in
progressively weaker grids is only increasing. In this paper, a
new system strength method is proposed, based on a rigorous
analytical derivation of IBR maximum active power transfer.
Unlike existing SCR-based methods, the proposed method also
considers voltage, loads, capacitors, and X /R ratio accurately.
Simulation results confirm superior performance at identifying
the power transfer margin and the voltage collapse point.

The method can be used as a replacement or a complement
to SCR for a more accurate evaluation of system strength and
voltage stability limits in a variety of operating scenarios. This
ultimately allows for more robust renewables integration
planning, as well as screening for weak buses with potential
voltage instability risks. For future work, ESS will be expanded
to consider the impact of multiple IBRs on system strength.
Additionally, incorporating the impact of contingencies and
IBRs’ small-signal stability limits into ESS shall be explored.
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