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Abstract

With the large-scale integration of grid-following renewable energy and power
electronic devices, the system voltage support strength decreases, increasing
the security and stability risks of modern power systems. In scenarios with
homogeneous integration of renewable energy and power electronic devices, a
system voltage support strength quantification method strongly correlated with
stability can be established using the grid generalized short-circuit ratio and
device/station critical short-circuit ratio. In weakly heterogeneous scenarios,
strength quantification can be achieved through first-order approximations of
the generalized short-circuit ratio and device/station critical short-circuit ra-
tio based on the special dynamic characteristics of devices and the grid, but
a unified derivation principle and calculation method are lacking. To address
this, this paper focuses on the voltage support strength quantification problem
under small-disturbance conditions. First, by leveraging the principle that multi-
infeed systems can be approximately decoupled into multiple low-dimensional
subsystems, the concept and calculation method of characteristic subsystems
are proposed, and their physical meaning is interpreted. Second, based on char-
acteristic subsystems, the derivation principle and calculation method for the
generalized short-circuit ratio and device/station critical short-circuit ratio are
proposed. Additionally, specific calculation formulas for the generalized short-
circuit ratio are provided for scenarios where power electronic devices operate
at non-rated operating points, some devices have reverse active power, and grid-
forming devices are included. Finally, case studies verify the effectiveness of the
proposed principle and methods.
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Full Text
Abstract

With the large-scale integration of renewable energy and grid-following power
electronic devices, system voltage support strength decreases, thus threatening
the system’s safe and stable operation. In the homogeneous scenario where
power electronic devices integrated into the system have the same dynamics,
a theoretically rigorous and highly stable quantitative method for quantifying
system voltage support strength can be formed based on the generalized short-
circuit ratio (gSCR) and the device or station critical short-circuit ratio (SCRy).
In the heterogeneous scenario where power electronic devices integrated into the
system have weakly different dynamics, system voltage support strength can be
quantified by the first-order approximation of gSCR and SCR,, based on some
special characteristics of devices and power grid. However, there is a lack of
unified derivation principles and calculation methods. To this end, this paper
focuses on quantifying voltage support strength under small-signal stability and
discovers that the multi-infeed system can be approximately decoupled into mul-
tiple low-dimensional systems. On this basis, this paper proposes the concept
of eigen-subsystem and its calculation method and interprets their physical sig-
nificance. Based on the concept of eigen-subsystems, the derivation principle
and calculation method of gSCR and SCR,, are given. Additionally, the specific
calculation methods for indices are provided when considering grid-following
converters under non-rated operating conditions, reverse active power output,
and grid-forming devices. Finally, the effectiveness of the principles and meth-
ods is verified in several cases.

KEY WORDS: generalized short-circuit ratio; device or station critical short-
circuit ratio; eigen-subsystems

1. Introduction

With the rapid development of renewable energy, power systems have gradually
evolved into new power systems with high proportions of renewable energy and
power electronic equipment (hereinafter referred to as “equipment”). Voltage
support strength characterizes the ability of system voltage to resist deviation
and instability under disturbances. High strength indicates strong resistance
to external disturbances and good voltage response performance after being
disturbed. However, the proportion of synchronous machines with strong sup-
porting effects is decreasing, while the capacity of centralized renewable energy
grid integration is large, the electrical distance from the main grid is far, and
grid-following control strategies are often adopted, resulting in weak grid sup-
port strength. This makes the voltage support strength of new power systems
lower and increases the safety and stability risks after disturbances, necessitat-
ing scientific strength quantification and calculation methods (considering that
strength issues in the low-inertia dimension can be considered separately, for
convenience of expression, system voltage support strength is hereinafter abbre-

chinarxiv.org/items/chinaxiv-202312.00249 Machine Translation


https://chinarxiv.org/items/chinaxiv-202312.00249

ChinaRxiv [$X]

viated as “system strength”).

After large-scale integration of grid-following equipment (hereinafter referred to
as “equipment” unless otherwise specified), the analysis and calculation of sys-
tem strength face the following difficulties: the large number of equipment and
grid buses, complex dynamic interactions between equipment and networks, and
difficulty in simplifying high-dimensional dynamic characteristics; diverse equip-
ment types, such as grid-following converters with different control strategies
and parameters or grid-forming converters, further increase system complex-
ity; and multiple operating conditions of renewable energy also pose significant
challenges to strength quantification.

To analyze system strength and facilitate engineering applications, the industry
commonly uses grid strength to approximately characterize system strength and
introduces single-infeed and multi-infeed short-circuit ratios as quantitative indi-
cators. Grid strength characterizes the ability of bus voltage to resist deviation
from normal operating points under disturbances without considering the dy-
namics of grid-following equipment. Examples include the CIGRE multi-infeed
short-circuit ratio (MSCR), site-dependent SCR (SDSCR), multi-renewable en-
ergy station SCR (MRSCR), equivalent circuit-based SCR (ESCR), and the
SCR with interaction factors (SCRIF). While these indicators can reflect the
steady-state voltage deviation before and after equipment integration, they have
weak correlation with system stability due to not considering the wide-frequency
coupling characteristics between equipment and the grid, lacking mechanism
support when used to reflect stability characteristics.

Literature [7], [16]-[18] reshaped the connotation of system strength integrat-
ing equipment and grid dynamics from the perspective of dynamic interaction
between equipment and grid, and proposed grid generalized short-circuit ra-
tio (gSCR) indicators and equipment/station critical values based on voltage-
to-current (or voltage-to-power) sensitivity equations, theoretically achieving
correlation between system strength and small-disturbance stability. In homo-
geneous systems (where the dynamic characteristics of integrated equipment are
similar, with specific definitions in literature [7]), multi-infeed power electronic
equipment systems (hereinafter referred to as “multi-infeed systems”) can be
decoupled into multiple equivalent single-infeed systems while maintaining the
overall equipment dynamics. Based on these equivalent single-infeed systems
and analogizing the use of traditional short-circuit ratios, the grid generalized
short-circuit ratio and equipment /station critical short-circuit ratio are defined,
and it is demonstrated that the equipment/station critical short-circuit ratio
equals the critical value of the generalized short-circuit ratio, thereby achieving
system strength quantification considering equipment dynamic characteristics.
In weakly heterogeneous scenarios, such as integration of externally different
direct-drive wind turbines, photovoltaics, grid-forming equipment, and energy
storage systems, or equipment operating at non-rated operating points, hetero-
geneous equipment dynamics can be regarded as perturbations to equipment or
network dynamics in homogeneous systems, and strength quantification can be
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achieved using first-order approximations of the generalized short-circuit ratio
and equipment/station critical short-circuit ratio. The key to calculating the
above generalized short-circuit ratio and its critical value is solving the decou-
pled single-infeed system that can approximate the stability of critical modes
of the original system. However, in these non-ideal scenarios, the theory and
methods for finding equivalent decoupled single-infeed systems lack universal-
ity, which is not conducive to the application of generalized short-circuit ratios
in complex scenarios.

Therefore, this paper aims to unify the derivation principles and calculation
methods of generalized short-circuit ratios in multiple scenarios. First, the con-
cept of eigen-subsystem is introduced and its solution method is proposed. Sec-
ond, based on eigen-subsystems, the general derivation principle and calculation
method of generalized short-circuit ratio and equipment/station critical short-
circuit ratio are proposed. Finally, case studies verify the effectiveness of the
proposed principles and methods.

2. System Modeling and Problem Description

[Figure 1: see original paper] shows a new power system containing n-+m equip-
ment units and their connected buses, r intermediate passive buses, and 1 infi-
nite bus (if grid-forming equipment exists, the infinite bus may not be needed).
Among them, n units are grid-following converters for renewable energy or en-
ergy storage, and m units are grid-forming equipment such as grid-forming wind
turbines, energy storage, or synchronous condensers.

2.1 System Dynamic Modeling

First, considering that all line impedance ratios are the same, the sensitiv-
ity equation between grid port voltage micro-increment AU_ {xy}(s) and cur-
rent micro-increment AI_{xy}(s) in the global synchronous coordinate system,
viewed from the equipment port toward the AC grid, can be expressed as [16]:

a6 = (2|2, T o8 At o

wo _TWO

where B is the equivalent admittance matrix or sensitivity matrix containing
all nodes; 7 = R/X is the line impedance ratio; A denotes variable increment;

represents the Kronecker product; and wy, is the synchronous speed of the AC
grid. When the network side contains power electronic reactive power compen-
sation, grid-forming equipment, or loads, modifying the sensitivity matrix of AC
network port voltage to current can account for the impact of these elements,
and the subsequent strength quantification method remains applicable, though
detailed expansion is omitted due to space limitations.

Second, the sensitivity equation between equipment port voltage micro-
increment AU_ {xy}(s) and current micro-increment AI_{xy}(s) can be
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Alxy(‘S) = YIBR<S)AU;cy(S> (2)
where Y_{IBR1}(s) to Y_ {IBR}(n+m)(s) are the admittance transfer function
matrices of the n+m equipment units respectively; 0_{2r}  ~(2r§x$2r) is a
zero matrix.

Finally, combining equations (8) and (9), the closed-loop characteristic equation
of the system shown in [Figure 1: see original paper] can be expressed using the
following determinant:

det(T), (5)) = det(Yyp(s) + Yy () = 0 (3)

where T_ {het}(s) is the inverse matrix of the closed-loop transfer function of
the original system, i.e., the original system matrix, and det( +) denotes the
determinant operation.

2.2 Review of System Strength Quantification Based on Generalized
Short-Circuit Ratio

The closed-loop characteristic equation shown in (10) determines system stabil-
ity. However, due to the high dimension of T_ {het}(s), finding an approximate
low-dimensional system is necessary to simplify analysis.

For homogeneous systems, the multi-infeed system can be decoupled into mul-
tiple equivalent single-infeed systems. Based on the equivalent single-infeed
system with the highest instability risk and analogizing the definition of tra-
ditional short-circuit ratio, the generalized short-circuit ratio gSCR and equip-
ment/station critical short-circuit ratio SCR, of the original system can be
defined, forming a system strength analysis method based on generalized short-
circuit ratio with the characteristic of separating grid dynamics from equipment
dynamics. The calculation formulas are as follows [7]:

o (S(ner))
gSCR = max(5p 4
)‘min(Breered> ( )
SCR, = CgSC’RO (5)
gSCR — SCR,
= — >
By % SOR, x 100% > B,.,% (6)

where C_ {gSCRO} is the critical value of generalized short-circuit ratio; 5,% is
a threshold set to ensure sufficient system margin; the expression for gSCR is:
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gSCR _ )\min ((Sgl+m)>*1/2

Bred (Sg+m>) 1/2)

where S_B(n+m) = diag(S_{B1}, .., S_B(n+m)) is a diagonal matrix with
S_{B1}, .., S_B(n+m) being the rated capacities of the n4+m equipment units;
B_ {red} is the network admittance matrix or voltage-current sensitivity matrix
retaining equipment buses; Z_ {red} = B_ {red}!; o{maz}(+ ) and \M{min}(
) represent solving for the maximum singular value and minimum eigenvalue of
matrices respectively.

The generalized short-circuit ratio is the maximum singular value of the sensitiv-
ity matrix, reflecting the maximum sensitivity of voltage disturbance to current
disturbance in multi-port AC networks [7].

For heterogeneous systems, gSCR and SCR, can be approximated using ma-
trix perturbation theory. Specifically, according to the perturbation source
and dynamic characteristics of equipment and grid, they are divided into two
categories: 1) Grid-following equipment dynamics: Differences in external char-
acteristics of grid-following converters are considered as perturbations to equip-
ment dynamics in homogeneous systems. In this case, the boundary conditions
for calculating gSCR remain unchanged, while SCR, depends on the weighted
average of equipment dynamic characteristics (see literature [7][17][19][20]); 2)
Equivalent AC network dynamics: When considering grid-forming converters or
synchronous condensers with dominant voltage source characteristics, they can
be considered as network modifications. In this case, the calculation method
for SCR, remains unchanged, and modifying the boundary conditions for gSCR
calculation can account for the impact of these grid-forming equipment (see
literature [9][10][11]).

2.3 Problems to be Solved

In summary, the definition and calculation of gSCR indicators and their criti-
cal values rely on finding equivalent low-dimensional single-infeed systems, i.e.,
eigen-subsystems. However, existing research is only applicable to single typical
scenarios, such as scenarios with only externally heterogeneous grid-following
converters [6], grid-forming equipment [10][11], or energy storage systems [19].
The methods and theories lack universality, leading to relatively complex un-
derstanding of generalized short-circuit ratios. Therefore, this paper utilizes the
more physically meaningful concept of eigen-subsystems to unify the derivation
principles and calculation methods of generalized short-circuit ratios, focusing
on two main problems:

Problem 1: The theoretical basis for low-dimensional decoupled subsystems
(i.e., eigen-subsystems) that approximate the modes of the original large-scale
system.

Problem 2: The unified derivation principle and calculation method for gen-
eralized short-circuit ratio and its critical values based on eigen-subsystems.
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3. Eigen-Subsystems and Their Approximation Methods

Based on Definition 2, for a given dynamic system and its system matrix, there
exist low-dimensional eigen-subsystems and generalized eigen-matrices. Eigen-
subsystems can approximate the stability of the original dynamic system in
modes of interest with lower dimensions and simpler analysis.

The key to the above analysis is obtaining eigen-subsystems, i.e., solving for
generalized eigen-matrices. Therefore, this section first uses Schur complement
transformation of matrices to simplify the original system matrix. Second,
based on Lemma 1, the approximate eigen-subspace of the system matrix is
obtained, and the corresponding generalized eigen-matrix and low-dimensional
eigen-subsystem are derived.

3.1 System Matrix and Its Simplification

Considering the power system shown in [Figure 1: see original paper]|, the fol-
lowing provides an approximate solution method for its eigen-subsystems from
the small-disturbance synchronization perspective. The solution methods for
eigen-subsystems under other modes are similar.

The system is viewed as consisting of two parts: one part is the equivalent net-
work, including the AC network and equivalent admittance of m grid-forming
equipment (in the analysis frequency band, their external characteristics
are dominated by Thevenin equivalent circuits, with equivalent admittance
B {IBRj} (j = 1,..,m)); the other part includes the dynamic models of n
grid-following equipment. The original system matrix shown in (10) can be
transformed as:

Tl = |20 2] (7)

where B_ {IBR} is the correction of m grid-forming equipment to the network
sensitivity matrix; Ty (s), Ty(s), T5(s), and T,(s) are submatrices with appro-
priate dimensions; I, is a 2-dimensional identity matrix; O_n and 0_r are n-
dimensional and r-dimensional zero matrices respectively.

Assuming the grid is stable without equipment connection, according to
the Schur complement theorem [22], the zeros of det(T_{het}(s)) = 0 are
determined by det(T;(s) - Ty(s)T, 1(s)T5(s)) = 0. Therefore, det(T,(s) -
To(s)T,1(s)T5(s)) = 0 determines the stability of the system shown in [Figure
1: see original paper|, where (derivation see Appendix B):

1) = T T = Visalo)+ (2|2, ™ ©81) )

wo —TwO S

where B, “(nxn), B, T(nx(m+r)), By “((m+r)xn), B, T((m+r)x(m+r)).
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Further considering the impact of operating points, the actual operating con-
ditions of the remaining n grid-following equipment are decoupled from their
dynamics [20]. Specifically, the matrix (U2/P) 1, containing the actual operat-
ing condition information of the equipment is left-multiplied to T {het}(s). Let
T_ {het}(s) be transformed into T_ {het}(s) as shown below. The characteristic
function of T_ {het}(s) determines the stability of the system in [Figure 1: see
original paper].

Thet(s) = (U?/P) @ Iy - Tjeq(s) (9)

where U?/P = diag(U_i?/P_1i), with U_i and P_i being the terminal voltage
and output active power of equipment i respectively. When considering reverse
power flow of equipment, the active power is negative.

Note 1: When equipment operates at rated operating points, its terminal
voltage is 1.0 p.u., and output active power equals its rated capacity S_ {Ni} (i=
1,..,n). In this case, U2/P = diag(U_i2/P_1i) = diag(S_ {Ni}~!). Therefore, the
analysis method for rated operating points is a special case of actual operating
conditions.

3.2 Eigen-Subsystem Approximation Method

When the dynamic models of n equivalent equipment are homogeneous, the
eigen-subspace of the equivalent admittance matrix (U?/P)B’{red} I, with
respect to its own double eigenvalues is a set of eigen-subspaces of the system
matriz. When q (¢ < n) equipment units in the system have reverse active power
(negative values), (U?/P)B’{red} I, has q negative eigenvalues. Sorting the
eigenvalues as A\-¢ < .. < A1 <0< A <\, <. <A (n-q), A; is the smallest
positive eigenvalue. The eigen-subspaces (j = -q,..,-1,1,..,n-q) correspond to
eigenvalue \j of (? /P)B’{red} 1,. Further, according to Definition 1 and 2 and
analogizing (3), multiple eigen-subsystems of the original system can be solved
using (k  {-q,..,-1,1,..,n-q}) to approximate the stability of the original system
under different modes, summarized as Lemma 2 (specific proof see Appendix
C).

Lemma 2: The generalized eigen-matrix satisfies:

Ly, = YkHMXk =A\ly + YI%Req(s) “((s) (10)

where Y _{IBReq}(s) is the dynamic model of a similar single equivalent equip-
ment; X_k=x_k I,, Y_k=y k I, the column vectors of X_k and Y_k
are the right and left eigenvectors of (U?/P)B’_{red} I, with respect to Ak,
.CL'_I{I, y_k‘ (n$x1), andz,,, y,aretherightandle fteigenvectorso f(U {2}$/P}B ’{red} with
respect to A_k.

When equipment dynamic models differ, an equivalent homogeneous system is
constructed whose system matrix’s eigen-subspace can approximate that of the
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original system matrix. Then, the approximation of the generalized eigen-matrix
can be obtained from Lemma 1. Specifically, first using the eigen-subspace, the
homogeneous system matrix M_ k is:

1

s TW, ,
Mk = Thomik(s) = YIBRik(S) + <w0 |:_,7_w0 SO:| ® Bred> (11)

where T__{hom}k(s) is the equivalent homogeneous system matrix correspond-
ing to Ak; G_k(s) is the equivalent weighted equipment model; p{ki} is the par-
ticipation factor of the i-th equipment; x_ {ki} and y_ {ki} are the i-th elements
of x_k and y_k respectively.

Second, observing the constructed homogeneous system M_ k, the equipment
dynamics are weighted averages of all grid-following equipment dynamics in the
original system. According to Lemmas 1 and 2, remains the eigen-subspace of
M_ k. Using this eigen-subspace, the generalized eigen-matrix of can be solved
as:

Finally, viewing as the system matrix of a low-dimensional system, this low-
dimensional system is an eigen-subsystem of the original system that can ap-
proximate the stability of the original system in the corresponding mode (since
retains the zeros and poles of the original system matrix, it can also reflect the
robustness of the original system).

This conclusion is summarized as Theorem 1 (specific proof see Appendix).

Theorem 1: Treating the original system matrix as a perturbation of the
homogeneous system matrix M_ k, the eigen-subspace of M_ k is approximately
equal to that of , and the generalized eigen-matrix of can be calculated by (19).

The obtained eigen-subsystem has lower dimensions and can approximately re-
flect the characteristics of the original system in the corresponding mode. There-
fore, complex system analysis is simplified based on eigen-subsystems.

Note 2: When grid-following equipment dynamic models are homogeneous, the
eigen-subspace of the equivalent homogeneous system matrix is identical to that
of the original system matrix, and the stability of the eigen-subsystem is the
same as that of the original system. Conversely, when differences exist between
the equivalent homogeneous system matrix and the original system matrix, there
is deviation between the approximate and true generalized eigen-matrices, and
the eigen-subsystem approximately reflects system stability and robustness.

3.3 Physical Meaning of Eigen-Subsystems

From the previous section, using eigen-subspace perturbation can solve the gen-
eralized eigen-matrix of the original system matrix, and the corresponding eigen-
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subsystem can be used to analyze the stability of the original system. Physically,
the eigen-subsystem is a low-dimensional single-infeed system containing equip-
ment and network dynamics, essentially a decoupled subsystem of the original
system in modal coordinates. The physical meaning and solution process of
eigen-subsystems are illustrated in [Figure 2: see original paper| and [Figure 3:
see original paper].

From (19) and [Figure 2: see original paper], the eigen-subsystem is a single-
machine infinite-bus system composed of equivalent weighted grid-following
equipment and equivalent lines. The characteristics of the integrated equip-
ment are the weighted average of grid-following equipment in the original sys-
tem, reflecting the overall dynamic characteristics of equipment in the system.
The equivalent line dynamics account for the impact of grid-forming equipment
equivalent admittance and other factors on network dynamics. Furthermore,
from the perspective of traditional short-circuit ratio, the short-circuit ratio of
the eigen-subsystem takes the value of the corresponding equivalent line ad-
mittance, which is the absolute value of eigenvalue A_k and can be used to
characterize the grid strength of the eigen-subsystem.

It is also worth noting that since the stability mechanisms of different modes
differ, their corresponding eigen-subspaces and eigen-subsystems should also dif-
fer, corresponding to different values of k. Therefore, in practical problems, the
appropriate eigen-subsystem should be selected according to specific modes and
stability mechanisms to achieve simplified analysis of complex systems. More-
over, since this paper focuses on the dominant mode of grid-following equip-
ment and equivalently treats grid-forming equipment as ground branches, the
corresponding eigen-subsystem is only a single-machine infinite-bus system for
grid-following equipment. However, under other modes, the corresponding eigen-
subsystem forms are more complex, including but not limited to single-machine
infinite-bus systems.

4. Derivation Principle of Generalized Short-Circuit Ratio
Based on Eigen-Subsystems and Strength Quantification
Method

This section proposes a unified derivation principle of generalized short-circuit
ratio based on eigen-subsystems and provides the corresponding process and
calculation methods for several typical scenarios.

4.1 Grid Strength and Generalized Short-Circuit Ratio Indicators in
Eigen-Subsystems

According to Section 3.3, eigen-subsystems can approximately characterize the
stability of the original system and are composed of equivalent weighted equip-
ment dynamics and equivalent line dynamics. The short-circuit ratio of the
grid equals the absolute value of eigenvalue A_k. Therefore, the strength of
the original system depends on the dynamics of the eigen-subsystem. When
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the equivalent weighted equipment dynamics are constant, the original system
strength depends on the short-circuit ratio of the eigen-subsystem, i.e., the
equivalent line admittance.

When grid voltage support strength is low, the risks of static voltage instabil-
ity and small-disturbance instability caused by phase-locked loops are relatively
high. Therefore, the eigen-subsystems corresponding to these two types of sta-
bility problems (i.e., k = 1) receive particular attention. Specifically, in this
mode, the smaller the short-circuit ratio, the higher the system instability risk
[7]. Thus, the eigen-subsystem corresponding to short-circuit ratio A; (k = 1)
is most prone to instability, and this short-circuit ratio is defined as the “gen-
eralized short-circuit ratio” as shown in (20). Therefore, the generalized short-
circuit ratio is only a specific application based on eigen-subsystems. Other
important eigen-subsystems can also reflect the characteristics of the original
system under other modes and can propose corresponding indicators. However,
generally speaking, short-circuit ratio-based analysis methods are suitable for
eigen-subsystems corresponding to static stability and small-disturbance syn-
chronization modes, characterized by strong correlation with grid electrical dis-
tance. As for eigen-subsystems corresponding to high-frequency oscillations with
LC resonance stability mechanisms, short-circuit ratio-based analysis methods
may no longer be applicable, as discussed in literature [7].

From (20), the generalized short-circuit ratio can be defined both through ma-
trix eigenvalues and through closed-loop system eigenvectors. When the eigen-
subspace of the closed-loop system is the same as that of the open-loop system
(i.e., considering only the grid admittance matrix), as in homogeneous systems,
both approaches yield consistent conclusions. Conversely, the eigenvalue-based
definition remains a calculation method with small error and convenient for
practical operation.

Furthermore, combining (19) and (20), when the equivalent weighted equip-
ment /station dynamics are constant, the minimum short-circuit ratio required
for the equivalent weighted equipment/station to reach a critical stable state
or given performance requirements (referred to as “equivalent weighted equip-
ment /station critical short-circuit ratio SCR,,”) can be determined based on the
positive correlation between generalized short-circuit ratio and system strength.
SCRy, reflects the tolerance of equipment/station dynamics to grid strength and
is precisely the critical value of the generalized short-circuit ratio C_ {gSCRO0},
expressed as:

SCRy = arg{det(A Iy + Y{Lpeq(sq) - C(s4)) = 0} (13)

where arg{ -} denotes solving for the root of the equation, and s_d is the
dominant eigenroot of the system solved under given performance requirements
for the equivalent weighted equipment.

In summary, the unified derivation process for generalized short-circuit ratio
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of complex systems is: 1) Using the eigen-subspace of the equivalent homoge-
neous system, solve the approximate generalized eigen-matrix of the original
system matrix to obtain eigen-subsystems that can approximate the dynamic
characteristics of the original system; 2) Based on specific eigen-subsystems,
calculate their short-circuit ratio indicators (i.e., generalized short-circuit ratio)
and equipment/station critical values (equal to the critical value of generalized
short-circuit ratio), thereby forming a quantification method integrating grid
generalized short-circuit ratio and equipment /station critical short-circuit ratio.
The generalized short-circuit ratio depends only on equivalent network dynam-
ics and the capacity of integrated equipment, while the critical value depends
only on the dynamics of equivalent weighted equipment/stations. Therefore,
the generalized short-circuit ratio method retains the advantage of traditional
short-circuit ratio methods in separating network dynamics from equipment
dynamics quantification.

4.2 Calculation Methods for Generalized Short-Circuit Ratio in Typ-
ical Scenarios

Combining the system matrix simplification method in Section 3.1 (see equa-
tions (15)-(16)) and the generalized short-circuit ratio calculation formula in
Section 4.1 (see (20)), this section provides the specific forms of system matri-
ces under three typical scenarios, thereby enabling calculation of generalized
short-circuit ratio.

4.2.1 Generalized Operational Short-Circuit Ratio Considering
Equipment at Non-Rated Operating Points Consider the system shown
in [Figure 1: see original paper] containing only n renewable energy converters
with different control strategies and parameters, with m = 0. The renewable
energy converters operate at different non-rated operating points, with output
active power and terminal voltage ranging from 0.2-1 p.u. and 0.9-1.1 p.u.
respectively [23]. According to (15)-(16) and (20), the simplified system matrix
and generalized short-circuit ratio for this scenario can be obtained. The
specific process is:

First, consider no correction of network dynamics by grid-forming equipment
equivalent admittance, i.e., B_{IBR} = 0_(n+r). Substituting B_ {IBR} =
0_ (n+r) into (15) and setting m = 0 yields the network equivalent admittance
matrix B’{red} containing only n equipment connection buses. Second, consider
decoupling the actual operating conditions of n equipment from their dynamics,
as shown in (22). Finally, substituting B’{red} and into (16) and (20) yields
the system matrix and generalized short-circuit ratio for this scenario.

Yigr(s) = diag(Yygei(s)), i=1,..,n (14)

U?/P = diag(U2/P) (15)
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where Y__{VSCi}(s) is the admittance transfer function matrix of the i-th re-
newable energy converter, and U_1i, P_1i are the terminal voltage and output
active power of equipment i respectively.

4.2.2 Generalized Short-Circuit Ratio Considering Reverse Active
Power of Equipment According to the physical characteristics of equipment
and system requirements, some equipment can absorb power from the grid in
reverse, such as energy storage systems and flexible DC transmission. Without
loss of generality, taking conventional energy storage systems as an example,
consider the system shown in [Figure 1: see original paper] containing n re-
newable energy converters with different control strategies and parameters, and
m conventional energy storage systems. All equipment operate at rated con-
ditions; renewable energy converters mainly inject active power into the grid,
while energy storage converters mainly inject (discharge) or absorb (charge) ac-
tive power. According to (15)-(16) and (20), the simplified system matrix and
generalized short-circuit ratio for this scenario can be obtained. The specific
process is:

First, consider no correction of network dynamics by grid-forming equipment
equivalent admittance, i.e., B_{IBR} = 0__(n+m+r). Substituting B_ {IBR} =
0_(n+m-+r) into (15) yields the network equivalent admittance matrix B’{red}
containing only n+m equipment connection buses. Second, consider decoupling
the rated capacity of n+m equipment from their dynamics. When energy storage
converters are charging, their rated capacity needs a negative sign. For example,
considering m energy storage units all operating in charging state, as shown in
(23). Finally, substituting B’{red} and into (16) and (20) yields the system
matrix and generalized short-circuit ratio for this scenario.

Y;pr(s) = diag(Yygci(s), YPCSj(s>) (16)

UZ/P = dlag( JT/%’ _SJT/%n-Q—j)) (17)

where Y_ {PCSj}(s) is the admittance transfer function matrix of the j-th energy
storage converter, and S_ {Ni}, S_ N(n+j) are the rated capacities of the i-th
renewable energy converter and j-th energy storage converter respectively.

4.2.3 Generalized Short-Circuit Ratio Considering Impact of Grid-
Forming Equipment Consider the system shown in [Figure 1: see original
paper] containing n renewable energy converters with different control strategies
and parameters, and m grid-forming energy storage systems or synchronous con-
densers. All equipment operate at rated conditions; synchronous condensers and
grid-forming converters with large inertia coefficients and approximately voltage
source characteristics can provide voltage support capability for the system and
can be equivalent to voltage sources with internal reactance in small-disturbance
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synchronization stability problems dominated by phase-locked loops. According
to (15)-(16) and (20), the simplified system matrix and generalized short-circuit
ratio for this scenario can be obtained. The specific process is:

First, consider the correction of network dynamics by m grid-forming equip-
ment equivalent admittance, i.e., B_ {IBR} = diag(0_n, diag(B_ {IBRj}), 0_r).
Substituting into (15) yields the network equivalent admittance matrix B’{red}
containing only n equipment connection buses. Second, consider decoupling the
rated capacity of n equipment from their dynamics, as shown in (24). Finally,
substituting B’{red} and into (16) and (20) yields the system matrix and gener-
alized short-circuit ratio for this scenario.

Yipr(s) = diag(Yygci(s)) (18)

U?/P = diag(Sy!) (19)

where B_ {IBRj} is the equivalent admittance of the j-th grid-forming converter
or synchronous condenser (j = 1,..,m), with B_ {IBRj} = diag(1/x_{dj}) or
diag(1/S_{VSMj} B_p). Here, x_{dj}” is the equivalent internal reactance
(subtransient reactance) of the j-th synchronous condenser, and 1/S_{VSMj}
B_p is the equivalent internal reactance of the j-th grid-forming converter,
where S_{VSMj} is the rated capacity of the j-th grid-forming converter and
B_ p is the equivalent admittance per unit capacity of grid-forming converters.

To intuitively compare the composition of original system matrices under the
above three typical scenarios, summarizes the above formulas. Additionally,
provides the mechanism of action of the above scenarios on system strength,
with detailed discussions available in references [9][10][11][19][20].

4.3 System Strength Quantification Steps

For practical application, this section provides the system strength quantifica-
tion steps based on generalized short-circuit ratio as follows:

1) According to equipment physical characteristics, treat equipment dynam-
ics as either grid-following equipment dynamics or corrections to network
dynamics;

2) Based on network parameters and equipment characteristics, obtain the
equivalent network dynamics B + B_ {IBR} using (15); based on actual
operating conditions, equipment numbers, and B + B_ {IBR}, obtain the
equivalent admittance matrix (U?/P)B’_{red} using (15);

3) According to (20), solve for the eigenvalues or singular values of the equiv-
alent admittance or sensitivity matrix, i.e., the generalized short-circuit
ratio;

4) Solve for SCRy, using (21) or (25). Specifically, the former can be obtained
through analytical calculation or simulation testing with higher accuracy
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[7]; the latter requires combining practical engineering experience and us-
ing participation factors (see (18)) for calculation.

SCRy =) p;- SCRy, (20)
=1

where SCR,,_iis the minimum short-circuit ratio required for the i-th equipment
to reach critical stability.

5) Solve for 8% using (12) to quantify strength.

It is worth noting that when the system is a black-box model, equivalent net-
work dynamics and actual operating condition matrices can be obtained through
disturbance identification methods [24] and PMU measurement methods.

In summary, by introducing eigen-subsystems, the derivation principles and cal-
culation methods of generalized short-circuit ratio and its critical values are uni-
fied across multiple scenarios, with advantages: 1) Physical characteristics are
retained—eigen-subsystems preserve the dynamic characteristics of equipment
and networks; 2) The method is universal and scalable—mnot only applicable
to complex scenarios of heterogeneous multi-infeed systems but also potentially
extendable to stability problems beyond small-disturbance synchronization sta-
bility and static voltage stability.

5. Case Studies and Verification

First, a 4-infeed system is used to verify the eigen-subsystem solution method
and its effectiveness in describing the stability of the original system. Second,
an electromagnetic transient model of an actual renewable energy base is used
to verify the effectiveness of the generalized short-circuit ratio indicator in new
power systems and to analyze the impact patterns of equipment at non-rated
operating points, reverse active power, and inclusion of grid-forming equipment
on indicator calculation and system strength.

5.1 Validity of Eigen-Subsystems and Their Solution Method

To verify the effectiveness of eigen-subsystems in describing the stability of the
original system, an electromagnetic transient simulation model of a 4-infeed
system is built, with topology shown in [Figure 4: see original paper]. Nodes
1 and 4 are connection nodes for conventional and grid-forming energy storage
systems, nodes 2 and 3 are connection nodes for renewable energy converters.
Equipment control strategies, parameters, and network parameters are shown
in Appendices E1-E3.

Specifically, consider proportionally increasing all line inductances shown in
Appendix E3 with scaling parameter k = 1, 1.5, 2, 3, 4. Conventional energy
storage converters absorb power from the grid, while grid-forming converters
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inject power. Actual equipment operating conditions are shown in . Based
on this, first solve for eigen-subsystems based on eigen-subspace perturbation
theory; second, compare the dominant eigenroots of the original 4-infeed system
and the eigen-subsystem to verify the effectiveness of eigen-subsystems.

Further, combining the analysis in Section 4.1, theoretically the eigen-subsystem
corresponding to the smallest positive eigenvalue \; can approximate the small-
disturbance synchronization characteristics of the original system. To verify this
conclusion, [Figure 5: see original paper] shows the dominant eigenroots of the
4-infeed system and the eigen-subsystem corresponding to A;. It can be seen
that as grid strength changes, the eigenroots of the original system and this
eigen-subsystem are basically consistent, verifying that this eigen-subsystem
can approximate the small-disturbance synchronization characteristics of the
original system.

5.2 System Strength Quantification Based on Generalized Short-
Circuit Ratio

An electromagnetic transient simulation model of an actual renewable energy
base is built, as shown in [Figure 6: see original paper]. The system includes
a total of 27 wind turbine units, 2 conventional energy storage systems, and 2
grid-forming energy storage systems across 4 areas. The subscript numbers of
wind turbine units or energy storage systems represent the converter numbers
used internally. Nodes 1-54 in the figure are equipment connection nodes, where
nodes 43 and 54 are grid-forming converter connection nodes, nodes 14, 15, 28,
and 29 are conventional energy storage converter connection nodes, and the
remaining nodes are renewable energy converter connection nodes. Nodes 55-
92 are intermediate nodes, and node 93 is the equivalent node of the external
grid outside the plant. Specifically, four case scenarios are considered, with
consistent equipment control strategies, parameters, and network parameters
as shown in Appendices E1-E3, and actual equipment operating conditions as
shown in Appendix E4.

Case 1: All equipment in the system operate under actual conditions, where
output active power and terminal voltage often deviate from rated values. Con-
ventional energy storage absorbs power from the grid, while other equipment
inject power into the grid.

Case 2: Based on Case 1, all equipment operating conditions are adjusted to
rated conditions. Conventional energy storage still absorbs power from the grid,
while other equipment inject power.

Case 3: Based on Case 1, the operating mode of conventional energy storage
converters is changed to power injection.

Case 4: Based on Case 1, grid-forming converters are removed, i.e., the grid-
forming converter connection nodes in the system are left floating.

First, taking Case 1 as an example, the specific solution process for eigen-
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subsystems is given. The steps are: build the system matrix considering the
correction of grid-forming converters to the network; reduce the order of the
system matrix and left-multiply it by (U?/P) I; finally, the system matrix is
transformed into:

1

Thet(s) = Yipgr(s) + (wo [

s Tw ,
—Twy s :| ® Bred) (21)
where Y_{VSC1}(s), Y _{VSC2}(s), Y {PCS}(s) are the admittance trans-
fer function matrices of renewable energy converters and conventional energy
storage converters respectively; U2/P = diag(U,2/Py, Uy?/Py, U;2/Py).

The matrix (U2/P)B’{red} I, has three double eigenvalues A\, = 5.19, Xy =
17.10, A | = -53.62, with eigen-subspaces (j = -1,1,2) satisfying the following,
where X_j =2 j L, Y j=yj L, and x_j, y_j are the right and left
eigenvectors of (U?/P)B’{red} with respect to A_j.

The system matrix is decoupled into three generalized eigen-matrices, i.e., the
system matrices of three eigen-subsystems, expressed as:

Ly~ YT, ()X, = NI+ YAG(5)X; - ((s) (22)

where i = 1,2,3, and x_ {ji}, y_ {ji} are the i-th elements of x_j and y_ j respec-
tively.

First, the generalized short-circuit ratio of the system in the four cases is analyt-
ically calculated according to the above indicator calculation process. Second,
SCRy, for the four cases is obtained based on (21) through building equivalent
weighted single-machine simulations or analytical methods. Finally, based on
(11), system stability is determined by comparing gSCR with SCR,,, and % is
calculated using (12) to evaluate system strength.

shows the evaluation results. It can be seen that in Cases 1, 3, and 4, gSCR
> SCRy. In Case 1, 5% > 20%, meeting small-disturbance stability margin
requirements. In Case 2, gSCR = 2.39 < 2.63 = SCR,, indicating system
instability. This stability judgment result is consistent with the time-domain
simulation trends of equipment terminal voltages in Cases 1 and 2 shown in
Figure 7: see original paper(b), verifying the effectiveness of the quantification
method based on generalized short-circuit ratio.

Additionally, Figure 7: see original paper shows the equal-amplitude oscilla-
tion waveform of equipment terminal voltages in Case 1 when gSCR = SCR,,
verifying the effectiveness of gSCR = SCR,, in describing the system stability
boundary. The network parameters of the system at this time are shown in
Appendix E3.
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5.3.1 Impact of Non-Rated Operating Points

Consider comparative analysis between equipment operating under actual con-
ditions (Case 1) and rated conditions (Case 2).

First, in the indicator calculation process, the only difference between Cases

1 and 2 lies in the matrix U%/P. Specifically: under rated conditions, U?/P =

S_{N52}71 where S_ {N52} is a 52$ x 52diagonalmatrizwithelementsbeingequipmentratedcapacities(negatit
absorbingequipment); underactualconditions, U12H P = diagUi 1oV /Py 052 x $52

diagonal matrix.

Second, as shown in , both gSCR and SCR,, in Cases 1 and 2 change with
operating conditions, demonstrating the impact of actual operating conditions
on system strength.

5.3.2 Impact of Reverse Active Power

Consider comparative analysis between conventional energy storage converters
absorbing active power (Case 1) and injecting active power (Case 3).

First, according to the physical characteristics of conventional energy storage
converters in charging or discharging modes, the main difference between Cases
1 and 3 in the indicator calculation process lies in matrix U?/P. Specifically,
when conventional energy storage converters absorb power, the diagonal ele-
ment corresponding to their connection node in U?/P is negative, making the
equivalent admittance matrix have corresponding negative eigenvalues. When
injecting power, the corresponding diagonal element is positive, making all eigen-
values positive.

Second, comparing the indicators and critical values in the two cases shows that
when energy storage converters operate in charging mode, the system’s gSCR
is improved to some extent and SCR, changes slightly, indicating that energy
storage converters in charging mode can improve the generalized short-circuit
ratio and change SCRy,.

5.3.3 Impact of Grid-Forming Equipment
Consider scenarios with (Case 1) and without (Case 4) grid-forming converters.

First, according to the physical characteristics of grid-forming equipment, the
main difference between Cases 1 and 4 in the indicator calculation process lies
in the correction of equivalent network dynamics B_ {IBR}. Specifically, when
considering grid-forming converters, B_ {IBR} contains the equivalent admit-
tance of grid-forming converters, which modifies network dynamics. When not
connected, all elements in B_ {IBR} are zero.

Second, comparing gSCR and SCR,, in Cases 1 and 4 shows that after connecting
grid-forming converters, the system’s generalized short-circuit ratio is improved
to some extent and SCR,, changes slightly, indicating that grid-forming convert-
ers can improve the generalized short-circuit ratio and change SCR,,.
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6. Conclusions and Outlook

This paper provides the definition, physical meaning, and calculation method
of eigen-subsystems for multi-infeed systems, and proposes a general derivation
principle and calculation method for generalized short-circuit ratio and its crit-
ical values in complex scenarios, including multiple scenarios such as non-rated
operating points, reverse active power, and inclusion of grid-forming equipment.
Eigen-subsystems retain the dynamic characteristics of AC networks and grid-
following equipment and have corresponding low-dimensional physical systems.
Therefore, the generalized short-circuit ratio calculation and system strength
quantification methods derived from this have relatively rigorous theoretical
foundations and clear physical meaning.

This paper focuses on the dominant stability modes of grid-following equip-
ment, where the eigen-subsystem is a single-machine infinite-bus system for
grid-following equipment. Under other modes, such as when the control char-
acteristics of grid-forming equipment cannot be ignored, eigen-subsystems need
to retain grid-forming equipment, and their characteristics require in-depth re-
search. Furthermore, eigen-subsystems may be basic units of power systems,
including but not limited to single-machine infinite-bus systems, and their basic
theories and methods need further improvement.
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Appendix A Example for Lemma 1

Taking a two-dimensional matrix as an example to illustrate Lemma 1. Let M
and be:

3 4

M:L 3

}’ =M+ FE— {3.4 4.3]

4.2 3.1

The generalized eigen-matrix and its approximation are:

—0.37 0 = [-037 0.2
Ll_[ 0 0.37}’ Ll“‘[o.lz 0.37]

537 0 = [537 0.12
LQ‘[ 0 5.37}’ Lyw [0.12 5.37}

If |, 5, 5, 4 are 0.4, 0.3, 0.2, 0.1 respectively, the eigen-subspaces of M and
are close.

Appendix B Detailed Derivation of Equation (15)

The original system matrix is:

T,..(s) = Yipr(s) +((s) ® Byy ((s) ® By
het ((s) ® By, ((s) ® By,
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Substituting the submatrix expressions and simplifying yields:

Ty (s)=Ty(s)T; ' (5)T3(s) = Yipr(5)+C(5)®(By;— B3B3 Byy) = Yipr(s)+((s)®B

Appendix C Proof of Lemma 2

According to the definitions of eigenvalues and eigen-subspaces, (U?/P)B’_{red}
I, has n double eigenvalues A\j with a set of eigen-subspaces , where X_j =1 j
L, Y j=vy j I, and the column vectors of X j and Y _j are the right and

left eigenvectors of (U? /P)B’{red} 1, with respect to \j. Therefore, according

to Definition 1 (3), the n generalized eigen-matrices of (U?/P)B’{red} 1, can
be obtained using :

L;= YgH ((U?/P)B,,q® I5) X; = A1,
Further, when the equivalent equipment models in the original system matrix
are similar, , X_j, and Y_ j satisfy:

_ H _ H
MX; = X,L;+O0(e), YHM=LYH+0()

where _i  are small values, i = 1,2,3,4.

According to (29), using two eigen-subspaces of M, the approximation of the
generalized eigen-matrix can be solved:

Comparing (1) and (37) and combining the definition of eigen-subspace (Defi-
nition 1), let X = (X_-q .. X_n-q), Y =(Y_-q .. Y_n-q). Using X and Y, the
original system matrix can be transformed into:

Since the column vectors of X and Y are linearly independent, is equivalent
to , i.e., equivalent to . Therefore, the corresponding eigen-subsystem (as the
eigen-subsystem matrix) can approximate the stability of the original system.
QED.

Appendix D Proof of Theorem 1

Proof: Using can solve the generalized eigen-matrix of the equivalent homoge-
neous system matrix M__k, satisfying:

Combining (39) and (19), the generalized eigen-matrix of the equivalent homo-
geneous system is an approximation of that of the original system. According
to Lemma 1, using yields the approximation of the generalized eigen-matrix.
QED.
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Appendix E

Table E1 Control parameters of grid-following converters

Parameter Renewable Energy Converter Energy Storage Converter
Equipment 1.5 MVA 0.68 MVA (14,15), 0.72 MVA
rated (28,29)

capacity

AC system 1500 kVA, 620 V -

rated

capacity

DC side 0.1089 p.u., 1.1 kV 0.1089 p.u., 1.5 kV
capacitance,

voltage

Outer loop 0.5, 40 (DC voltage) 0.5, 20 (power)

PI

Filter 0.05, 0.0006 0.05, 0.0006

inductance,

capacitance

Current 0.2, 60 0.5, 15 (14,15), 0.3, 10
inner loop (28,29)

PI

PLL PI 14, 10400 (4-infeed system); 40, 24000

10, 10500 (1-13), 21, 10300
(16-27), 26, 10400 (30-38), 16,
10200 (39-42,44-48), 31, 10200
(49-53) (actual plant)

Voltage - -

feedforward

time

constant

Table E2 Control parameters of grid-forming converter

Parameter Value
Equipment rated capacity 1.5 MVA

Filter inductance, capacitance, resistance 0.05, 0.0005, 0.02
Voltage outer loop, current inner loop PI parameters 0.8, 12; 6, 10

Grid-forming converter inertia coefficient, damping coefficient -
Voltage feedforward filter time constant -

Table E3 Parameters of Simulations
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4-infeed system grid parameters (p.u.): X,5 = 0.20, X;,3 = 0.40, X,,; = 0.40,
X34 = 0.20, X3,, = 0.60, X;,5, = 0.40, X535 = 0.40

Actual renewable energy plant grid parameters ($x107{-3}% p.u.): Xgg,56 =
0.24, Xsg,56 = 1.00, Xar.g6 = 240, Xagrs6 = 3.30, Xsg:56 = 2.90, Xg0.56 = 2.00,
Xe1rs6 = 1.70, Xg9,36 = 0.03, Xg3,57 = 1.10, Xg4,87 = 3.10, Xg5,57 = 2.30, Xg46,57
= ]..907 X67787 = ]..4:07 X68787 = 0.35, X69’87 = 0.16, X70787 = 0.02, X71788 =
2.50, X79,88 = 2.20, X;5,58 = 1.50, Xr4,38 = 1.30, Xy5,35 = 0.81, X;4,85 = 1.30,
Xo7,88 = 0.81, Xog,090 = 0.19, X7g,90 = 2.20, Xgg,89 = 0.19, Xg1,59 = 2.20, Xg9,91
= 1.50, Xg3,9; = 1.30, Xg4,97 = 1.50, Xg5,9; = 1.30, Xgg,87 = 1.00, Xg7,90 =
3.10, Xgg,92 = 4.40, Xgg,90 = 7.00, Xgg,95 = 7.80, Xg;,95 = 0.87, Xgg,95 = 6.90

Transformer reactance: 64.0

Note: All grid parameters in Case 1 when gSCR = SCR,, are 1.1 times the above
parameters.

Table E4 The operating conditions of devices in four examples of
Practical Renewable Energy Plant

Case Active Power (p.u.) Voltage (p.u.)

Case 1 1-13: 0.7; 16-27: 0.8; 30-38: 0.6; 1-13, 16-27, 30-41, 44-48:
39-42: 0.75; 44-53: 0.9; 14-15: 1.01; 14-15, 28-29: 1.03;
-0.45; 28-29: -0.48; 43,54: 1.00 42,43,54: 1.00; 49-53: 1.02

Case 2 Same as Case 1 but all at rated Same as Case 1 but all at
active power rated voltage

Case 3 14-15: 0.45; 28-29: 0.48; others Same as Case 1
same as Case 1

Case 4 Same as Case 1 Same as Case 1

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv — Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202312.00249 Machine Translation


https://chinarxiv.org/items/chinaxiv-202312.00249
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