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Abstract—Collector systems for inverter-based resources
(IBRs) are typically represented by equivalent circuits for elec-
tromagnetic transient (EMT) simulations. Recent studies have
revealed that modeling a detailed collector system is essen-
tial to accurately represent the behavior of IBRs, especially
when dealing with partial tripping during external disturbances.
However, there are several challenges in simulating a detailed
EMT model of a collector system due to the time required
to simulate such systems. Thus, this paper investigates the
modeling of a detailed collector system, taking into account its
configuration and components as defined in IEEE standard 2800.
The configurations include the collector systems of generalized
large-scale IBR plants. The components include the main IBR
transformer, collector bus, and feeders with lines and/or cables.
The EMT model of the collector system is represented by
differential algebraic equations (DAEs) that are discretized to
form linear equations. Linear equations are solved using linear
solvers. In this paper, linear solvers are proposed based on the
Schur complement, which is utilized for simulation of the EMT
model of collector systems of generalized large-scale IBRs to
accelerate simulation speed while maintaining the accuracy of
the results. The proposed solvers are verified by comparing the
performance to that of linear solvers provided in MATLAB.

Index Terms—Electromagnetic transient simulation, inverter-
based resource, Schur complement, parallelism.

I. INTRODUCTION

Inverter-based resources (IBRs), such as photovoltaic (PV)
and wind power plants, are being increasingly deployed on
the power grid [1]. Electromagnetic transient (EMT) models
of IBRs are essential for ensuring the reliable operation
of the power grid with increasing penetration of IBRs [2].
The reliability guidelines from the North American Electric
Reliability Corporation (NERC) specify situations where EMT
models are necessary, including IBR integration into weak
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grids, interactions between IBRs, control stability during dis-
turbances, among others [2]. Additionally, multiple reports on
disturbance analysis have highlighted the need for high-fidelity
EMT models of IBRs to represent their behavior accurately
when interacting with the power grid, especially in cases of
partial tripping or momentary interruptions during external
disturbances [3]–[6].

Collector systems for IBRs are typically represented using
simplified impedance or equivalent circuits for EMT simu-
lations in the past [7]–[9]. However, fully detailed collector
systems representing each feeder and each line within IBRs are
essential when developing a high-fidelity EMT model of IBRs.
There has been some research to simulate an EMT model of
the complete collector system that is discretized and thereafter,
solved by using a matrix splitting method [10]. However, the
matrix splitting method has limitations in terms of numerical
instability that requires an additional capacitance when using
this method. In addition, there are several challenges in sim-
ulating a detailed EMT model of a collector system due to
the time required to simulate such systems. This is because
large-scale IBRs have more complicated collector systems by
having multiple collector buses within the collector system.

This paper investigates the modeling of the detailed col-
lector system for generalized large-scale IBRs, taking into
account its general configuration and components as defined
in IEEE standard 2800. The components include the main
IBR transformer, collector bus, and feeders with lines and/or
cables. The EMT model of the collector system is represented
by differential algebraic equations (DAEs) that are discretized
to form linear equations. Linear equations are solved using
linear solvers. In this paper, linear solvers are proposed based
on the Schur complement [11], which is utilized for a double-
bordered block diagonal matrix and a nested double-bordered
block diagonal matrix to accelerate simulation speed while
maintaining the accuracy of the results. The proposed solvers
are verified by comparing the performance to that of linear
solvers provided in MATLAB [12].

II. EMT MODEL OF COLLECTOR SYSTEM FOR
LARGE-SCALE IBRS

The collector system of an IBR includes equipment and
systems utilized to integrate IBR units within IBR as shown



Fig. 1. Illustration of defined terms for ac-connected inverter-based resources
(IBRs) [13]

in Fig. 1 [13]. This system includes multiple types of electri-
cal components such as main IBR transformer(s), collector
bus(es), feeder(s), and supplemental compensating devices
between the point of connection (POC) of IBR units and
the point of measurement (POM) of an IBR plant. An IBR
unit is a cluster of multiple inverters connected together. A
POC is the point where an IBR unit is interconnected with a
collector system. The POC is the primary side of an IBR unit
transformer (medium-voltage side) in this paper. A POM is
the point between the primary side of a main IBR transformer
(high-voltage side bus) and the interconnection system.

A. Main IBR Transformer

The main IBR transformer is a high-voltage power trans-
former that boosts up the collector system voltage (e.g.,
medium voltage) to the transmission system voltage (e.g.,
high voltage) at the POM as shown in Fig. 1. The number
of main IBR transformers varies depending on the ratings of
the IBR and the transformers. Main IBR transformers can be
represented by the classical transformer model as shown in
Fig. 2. The dynamics of the transformer can be expressed by
the following DAEs (1)−(2).
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where vpj,grid are primary side voltages (j=a,b,c). vpj,grid(s)
are converted primary side voltages in the secondary side
(j=a,b,c). vsj,grid are secondary side voltages (j=a,b,c). ns/np is
turns ratio of the transformer. LP (s)

j and R
P (s)
j are equivalent

inductance and resistance of the primary side of the trans-
former converted in secondary side. Ls

j and Rs
j are equivalent

inductance and resistance of the secondary side of the trans-
former. Lm is equivalent inductance for magnetizing currents
of the transformer. iP (s)

j,grid are primary side currents converted
into the secondary side (j=a,b,c). isj,grid are secondary side
currents (j=a,b,c).

Fig. 2. Classical transformer model

Fig. 3. Three phase PI section line model for feeders

B. Feeders

The feeders in IBRs are typically radial distribution lines
by overhead lines or underground cables, which interconnect
IBR units with the main IBR transformer of IBRs as shown
in Fig. 1. Since multiple IBR units are collected by a feeder,
there are many feeders within the collector system of large-
scale IBRs. The feeders can be represented by a three-phase
PI section line model due to its short lengths, accounting for
mutual coupling effects among the three phases. The three-
phase PI section model between nodes n and m for the feeders
is illustrated in Fig. 3. The EMT model of the PI section line
can be expressed by using the DAEs (3)−(5) provided below
(phase a only):
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where, Rii, Lii, and Cii (i=a,b,c) are self-resistance, self-
inductance, self-capacitance of the PI section line model. Rij ,
Lij , and Cij (i 6= j, i, j=a,b,c) are mutual-resistance, mutual-
inductance, mutual-capacitance of the PI section line model.

C. Collector Bus and Collector System Configuration

The collector bus within the collector system is a conceptual
bus that connects to the radial feeders as shown in Fig. 1.
The collector bus generally connects multiple radial feeders
in parallel with the main IBR transformers. Configuration of
the collector system is determined by the connections of radial
feeders and collector bus, generally a single collector bus with
multiple radial feeders as shown in Fig. 4.

As the size of an IBR becomes larger, multiple collector
buses can be presented within the collector system. Further



Fig. 4. Single collector bus with feeders (represented in a double-bordered
block diagonal matrix)

Fig. 5. Multiple collector buses with feeders (represented in a nested double-
bordered block diagonal matrix)

more, multi-layered collector buses can be found for large-
scale IBRs which are in actual practice installed in California.
This also indicates multiple sub-collector buses can be col-
lected by a super-collector bus to interconnect with the main
IBR transformer. With multiple collector buses in large-scale
IBRs, general configuration of the collector system can be
illustrated as shown in Fig. 5.

For digital simulation, a system of linear equations for
the collector systems can be formed by applying integration
methods to the DAEs of the main IBR transformer and lines of
the feeders as shown in Sections II-A and II-B. The system of
linear equations can be presented in Ax = b. After appropriate
matrix reordering, the A matrix of a collector system with a
single collector bus can be expressed with a double-bordered
block diagonal matrix as shown in Fig. 4. In case of a
collector system with multiple collector buses, the A matrix
can be expressed with a nested double-bordered block diagonal
matrix as shown in Fig. 5. To effectively manage both double-
bordered block diagonal matrices, linear solvers are proposed
in the next section.

III. LINEAR SOLVERS FOR DOUBLE-BORDERED BLOCK
DIAGONAL MATRIX

Linear solvers need to deal with a large A matrix while
simulating the EMT model of collector systems in large-scale
IBRs. The large A matrix needs to be operated on in every
simulation time-step, which can be computationally extensive.
Therefore, linear solvers based on the Schur complement and
its nested technique are proposed to reduce the size of the
operated matrix during simulations. With these proposed tech-
niques, the simulation of collector systems can be accelerated
while maintaining the accuracy of the simulation results.

A. Schur Complement Method for Single Collector Bus

The A matrix of collector system with double-bordered
block diagonal matrix form can be expressed in (6)

A11 A12 . . . A1N
A21 A22 0 0

... 0
. . . 0

AN1 0 0 ANN




x1
x2
...

xN

 =


b1
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...

bN

 (6)

Eq. (6) can be expressed as

A11x1 +A12x2 + . . . +A1NxN = b1 (7a)
A21x1 +A22x2 = b2 (7b)

...
AN1x1 +ANNxN = bN (7c)

Eqs. (7b) and (7c) can be rearranged for x2 and xN respec-
tively as

x2 = A−1
22 (b2 −A21x1) (8a)

...

xN = A−1
NN(bN −AN1x1) (8b)

Substituting x2 and xN in (7a) with (8a) and (8b) yields

A11x1 +

N∑
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A1nA−1
nn(bn −An1x1) = b1 (9)

Rearranging (9) results in
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(
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A1nA−1
nnAn1

)−1

×(
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N∑
n=1

A1nA−1
nnbn

)
. (10)

Once x1 is solved by (10), the rest of xn (n = 2, 3, ...,N)
can be solved by (8a) through (8b). With this technique, the
size of the operated A matrix is reduced from that of the
complete A matrix to that of the block diagonal sub-matrices.
Furthermore, it enables inherent parallelism when solving the
rest of xn (n = 2, 3, ...,N) once x1 is known, they are
independent of each other.

B. Nested Schur Complement Method for Multiple Sub-
collector Bus

A collector system with multiple sub-collector buses pre-
sented in generalized large-scale IBRs can be represented by a
nested double-bordered block diagonal matrix. To describe the
nested Schur complement method, an outer double-bordered
block diagonal matrix with two nested double-bordered block
diagonal matrices are analyzed in this section. However, the
number of nested double-bordered block diagonal matrices and
the level of nested matrices may depend on the configuration
of the collector system.

A nested double-bordered block diagonal matrix can be
expressed in (11)
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Applying the Schur complement technique to the inner
double-bordered block diagonal matrix in (11), solving it for
x2 and xk+1 yields
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Applying the Schur complement technique to the outer
double-bordered block diagonal matrix in (11) by replacing x2
and xk+1 from (13a) from (13b), then solving and rearranging
it for x1 results in 12. Once x1 is solved by (12), the x2 and
xk+1 can be solved by (13a) and (13b). After the x2 and xk+1
are solved, the rest unknowns from x3 to xk and xk+2 to xN
can be solved by the following expressions

xk = A−1
k,k (bk − Ak,1x1 − Ak,2x2) (14a)

...

xn = A−1
n,n(bn − An,1x1 − Ak,k+1xk+1) (14b)

The nested Schur complement technique enables inherent par-
allelism when solving x2 and xk+1 as once x1 is known since
they are independent of each other. In addition, this applies
for solving the rest of xn (n = 2, 3, ..., k, and k+2, k+3, ...,N)
once x2 and xk+1 are known.

IV. SIMULATION RESULTS

In this section, simulation results are presented to evaluate
the proposed techniques by comparing their effectiveness with
that of commercial linear solvers provided in MATLAB, such
as linsolve() and mldivide() [12]. To perform the simulations,
the EMT model of two collector systems such as a single
collector bus system and a multiple collector bus system, are
discretized to form linear equations. Metrics of speed-up and
maximum error are used to compare the effectiveness of the
techniques. For speed-up measurements, the time measure-
ments are calculated as an average execution time over 10,000
computations.

A. Single Collector Bus

The single collector bus system includes a main IBR trans-
former, a collector bus, and 5 radial feeders with different
numbers of buses (i.e., 6, 8, 10, 12, and 14). In this case, the



TABLE I
COMPARISON OF LINEAR SOLVERS FOR SINGLE COLLECTOR BUS

SYSTEM

linsolve() from
MATLAB

mldivide() from
MATLAB

Schur
complement
(proposed)

Average
Time [s] 9.268e-3 9.331e-3 0.470e-3

Maximum
errors [%] 1.01e-12 1.01e-12 −

Speed-up 1x 0.99x 19.72x

system matrix is formed as a double-bordered block diagonal
matrix upon discretization of the EMT model representing the
collector system dynamics, which can be effectively managed
by the Schur complement technique. The computation speed-
up in solving the linear equation is compared with that of
commercial linear solvers provided in MATLAB, as presented
in Table I. In addition, the accuracy of the results is compared
by calculating the maximum errors between the solvers, which
are illustrated in Table I. As the results present, the Schur
complement technique has achieved approximately a 19.7x
speed-up while preserving accuracy.

B. Multiple Collector Buses

The multiple collector bus system includes a main IBR
transformer, six collector buses (1 super-collector bus with
5 sub-collector buses), and 25 feeders. Unlike the single
collector bus system, the super-collector bus connects to 5
sub-collector buses, and each sub-collector bus connects to
5 feeders (leveraged from the single collector bus system),
resulting in a total of 25 feeders in the system. In this case,
the proposed nested Schur complement technique to solve
linear equations arising from the discretization of the EMT
model of the collector system is more effective than the Schur
complement technique due to the presence of nested double-
bordered block diagonal matrices. The computation speed-
up in solving the linear equations is compared between the
Schur complement techniques and commercial linear solvers
provided in MATLAB, which are presented in Table II. Addi-
tionally, the accuracy of the results is compared by calculating
maximum errors between the solvers and illustrated in Table
II. As can be seen from the results, the proposed nested Schur
complement technique presents an approximately 48.2x speed-
up over the commercial solvers while preserving accuracy,
whereas an approximately 4.88x speed-up is observed from
the Schur complement technique.

V. CONCLUSION

In this paper, EMT modeling of a detailed collector system
is presented for generalized large-scale IBR plants. Mod-
els of main components, such as main IBR transformers,
collector bus, and feeders are considered for the detailed
collector system model. In addition, general configurations
of the collector system are considered by including multiple
sub-collector buses that can be found in actual large-scale
IBRs installed in California. To effectively simulate EMT

TABLE II
COMPARISON OF LINEAR SOLVERS FOR MULTIPLE COLLECTOR BUS

SYSTEM

linsolve()
from

MATLAB

mldivide()
from

MATLAB

Schur
complement
(proposed)

Nested
Schur

complement
(proposed)

Average
Time [s] 40.103e-3 42.093e-3 8.217e-3 0.8314e-3

Maximum
errors [%] 5.95e-10 5.95e-10 5.95e-10 −

Speed-up 1x 0.95x 4.88x 48.24x

model of detailed collector systems of large-scale IBR, linear
solvers based on the Schur complement are proposed to
accelerate simulation. The detailed collector system and the
proposed solvers were implemented in MATLAB to compare
the solver’s effectiveness with that of commercial solvers
provided in MATLAB. The results presented that the proposed
algorithms accelerate approximately up to 48.24 times faster
while preserving accuracy.
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