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Abstract—Converter-interfaced resources (CIRs) are multi-
timescale systems with dynamics ranging from fast (a few
microseconds) to slow (several seconds). This paper introduces a
direct interfacing technique for an admittance-based aggregated
model (DI-ABAM) of grid-following CIRs, enabling
simultaneous time- and frequency-domain analyses in nodal-
based electromagnetic transient (EMT) simulators. The
proposed aggregated model enables efficient analysis of multi-
timescale systems, where dynamic interactions between multiple
CIRs and the grid can lead to undesirable oscillations. In
addition, the direct interfacing of the ABAM eliminates the
time-step delays, enabling the use of large simulation time steps
and further reducing the computational burden of aggregated
models while maintaining accuracy. The computational
advantages of the proposed DI-ABAM are demonstrated
through EMT simulations in PSCAD.

Index Terms—Admittance-based modeling, aggregated modeling,
EMT simulation, grid-following converter, resonance analysis.

l. INTRODUCTION

The complexity of modern electrical energy systems is
increasing with the growing use of renewable and distributed
energy resources (R/DERs) as well as emerging loads, such as
data centers and electric vehicle charging stations. The
integration of such sources/loads has led to a significant rise in
the application of power-electronic converter-interfaced
resources (CIRs). The dynamic interaction of CIRs with the
grid may lead to undesirable oscillations and control-related
interactions [1], exhibiting more complex transients that span
a wide frequency range. Depending on the system parameters
and operating conditions, such interactions may excite both
high-frequency (super-synchronous) and low-frequency (sub-
synchronous) resonance modes [2], [3], causing significant
equipment damage and economic losses. Consequently, the
need for simulations in the design and operation of CIR-based
systems is becoming increasingly important.

The electromagnetic transient (EMT) simulators, such as
state-variable-based programs (e.g., MATLAB/Simulink’s
Simscape Electrical toolbox and Opal-RT’s RT-Lab), as well
as nodal-analysis-based programs (e.g., PSCAD/EMTDC and
RTDS’s RSCAD), can accurately capture both high- and low-
frequency transients. However, detailed switching models of
multi-CIR systems are computationally expensive and difficult
to scale for large networks. Therefore, depending on the study
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objective, a balance between accuracy and efficiency is often
required. To address this, average-value models (AVMs) of
voltage-source converters (VSCs) have been developed for
system-level studies. By neglecting discrete switching and
focusing on slower average dynamics, AVMs enable larger
(medium-sized) simulation time steps; thereby, improving
computational efficiency. However, the efficient simulation of
CIR-dominated power grids remains a challenge, underscoring
the need for reduced-order modeling techniques that can be
adapted to various scenarios and simulation tools.

Model-order reduction has been introduced for CIR-based
systems by aggregating CIRs into an equivalent model that
captures their collective dynamics, thereby improving
simulation efficiency [4], [5]. The aggregation methods are
typically implemented based on AVMs using dependent
voltage/current sources at their interfaces with external
networks, i.e., indirect interfacing [4]. As a result, a one-time-
step delay is often required when implementing such models
in specialized simulators. In state-variable-based tools, this
delay resolves algebraic loops caused by direct feedthrough
components, while in nodal-analysis-based tools with non-
iterative solution approach, e.g. PSCAD, it is mandatory to
compute the interfacing variables from their values at the
previous time step [5], [6]. However, this delay may introduce
numerical inaccuracies/instabilities at large time step sizes,
undermining the advantages of aggregated modeling.

Furthermore, typical commercial EMT simulators (e.g.,
PSCAD) are based on discretized nodal equations, where it is
not possible to directly extract small-signal information for
stability analysis. Thus, the gap between the capabilities of
state-variable-based and nodal-analysis-based simulators has
motivated the development of the so-called impedance/
admittance  (immittance)-based models (I/ABMs) for
frequency-domain stability analysis. A key advantage of the
I/ABM approach is that it enables systematic aggregation of
the system components, allowing for efficient simulation and
analysis of large-scale CIR-dominated networks [5], [6].

This paper presents the application of a direct interfacing
method for an admittance-based aggregated model (DI-
ABAM) of grid-following CIRs for resonance analysis in
CIR-dominated power grids. The proposed method enables
simultaneous efficient time- and frequency-domain analysis
within nodal-based EMT simulators. A transfer-function-
based aggregated admittance model is developed for a multi-
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Fig. 1. A multi-CIR system: (a) N grid-following CIRs connected to the PCC, and (b) internal details of the n'" grid-following CIR system.

CIR system. The transfer functions of ABAM are discretized
and integrated into the overall network nodal equations,
enabling a simultaneous EMT solution in PSCAD and
eliminating the interfacing delays. It is demonstrated that the
proposed DI-ABAM significantly enhances computational
performance in simulating multi-CIR systems through
aggregation and the use of large simulation time steps, thereby
facilitating resonance analysis of evolving power systems.

1. ADMITTANCE-BASED AGGREGATED MODELING

A multi-CIR system, as shown in Fig. 1(a), is considered
to present the proposed DI-ABAM. This system includes N
grid-following CIRs, each interfaced to the point of common
coupling (PCC) through a collector line, represented by an

impedance Z,, (i.e, R.,, L..), where ne{l,..., N}. The

system may also include local loads connected to the PCC.
The PCC interfaces with the grid, represented by its Thevenin
equivalent voltages Vg, o and impedance Z, (ie., Ry, Ly).

All the CIRs have an identical structure, as shown in Fig.
1(b) for the n™ CIR, although they may have different
parameters. Each CIR consists of a synchronous-reference-

frame phase-locked loop (SRF-PLL), a qd current controller
(with PI controllers), a power controller, and an output RL-

filter (ie, R;,, L;,). The VSC of the CIR is connected

through the output filter to the point of synchronization (POS).
The SRF-PLL is employed for synchronization, which is fed

by the CIR’s terminal (POS) voltages V., [and V, , are the
transformed voltages into the CIR’s SRF], to estimate the
terminal voltage angle 6, and frequency ,.

The CIR output currents i, are transformed into the
CIR’s SRF (i.e., iqd,n) using Park’s transformation with the
PLL output angle 6,, and are controlled with respect to their

reference values, i.e., ly . The reference currents are
provided by the power controller based on the active/reactive
power set-points (P , and Q. ,) as
_ 2 Pref,n
q,ref,n — o
3 Vgn

Without loss of generality, for the purpose of admittance-

_ EQref,n ) (1)

i =
d,ref ,n
3 Vgn
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based aggregation in this paper, it is assumed that the local
load in Fig. 1(a) is a constant-impedance load and represented

by an equivalent Z, (i.e., R, Lo )-

A. Admittance-Based Model (ABM) of Grid-Following CIRs

For the CIR system shown in Fig. 1(b), the current-control
loops and the output filter are fast subsystems and can be
represented by linear transfer functions/matrices. Also, using
the AVM of the VSC and assuming a constant dc-link voltage
[3], [4], the nonlinearities due to the switching are removed.
Furthermore, the PLL and power controller are slow
nonlinear subsystems, and need to be linearized for deriving
the ABM [5]. Consequently, the ABM of the entire n CIR
system is obtained in its qd-frame (as detailed in [5]) as

Ai AV,
A.q'n = YCIR,n A an 1 (2)
Id,n Vd,n

where the CIR input voltages and output currents are marked
with the symbol “A” to show the linearization. It is noted that

the ABM (i.e., Y, ) Of a CIR can be derived analytically

when detailed CIR models are available, or numerically when
the models are not disclosed by vendors [5].

B. Aggregation of ABMs

The resultant ABM in (2) is in the qd-frame of the
corresponding n" CIR, which is synchronized with the
estimated angle of its PLL. For simplifying circuit operations

and aggregation, the Y, in (2) is transformed into a global

synchronous frame. Hence, rather than using multiple qd-
frames, a common qd-frame synchronized with the grid

voltages Vg4 and the nominal frequency 6, is selected as

the global gd-frame. The CIR’s ABM transformed into the

global qd-frame, denoted by Y(¢ . is obtained as
YéIR,n = qu,nYCIR,and,n711 (3)

where

(4)



and ¢,, is the angle difference between the steady-state value

of the estimated angle of the corresponding n PLL and the
global gqd-frame angle, obtained from load-flow analysis [3].

Afterward, Y, is inverted and added to its CIR’s

collector line impedance. The resulting impedance is then
inverted once more to obtain the equivalent admittance of the
n" CIR and its collector line as

-1
YCIR :[Yéa?ln +Zc,qd,n:| ! (5)

eq,n
where Zc,qd,n is the n™ collector line qd-frame impedance as

R..+sL., w,L

Z — s g —¢c,n )
w0 T oL, R+l ©)

g —c,n
Similarly, the admittance for the equivalent load is derived.

According to the arrangement of the N CIRs, the local
load, and their collector lines, as shown in Fig. 1(a), an
admittance-based aggregated model (ABAM) seen from the

PCC is obtained in form of a transfer matrix as

N

Vi =2 (~Yan )+ Vi ()

n=1
It is noted that the convention used in Section II-A for the
ABM of CIR is based on the generating mode; therefore, the
CIRs’ ABMs are incorporated into (7) with a negative sign to
align with the consuming convention, similar to the load.

C. Proposed Directly Interfaced ABAM

The derived ABAM of the multi-CIR system for direct
interfacing in nodal-based EMT simulators (such as PSCAD)
must be integrated into the network nodal equation, which is
formulated as G v(t) = i(t) +h(t) [7], or equivalently

it)=Gv()—h(). (8)
In (8), G is the network conductance matrix, v(t) represents
the vector of node voltages in the network, and i(t) and h(t) are
the vectors of the injected current sources and history terms at
the network’s nodes, respectively.

The transfer-function-based ABAM (in s-domain) derived
in Section I1-B is discretized and transformed into z-domain
using an appropriate integration rule with time-step size At, by
replacing the variable “s” with f (At, z), where f depends on the
selected integration rule. This results in the admittance-based
relationship in the z-domain between the qd-axes voltages and
currents of the aggregated model at the PCC as

|:Aiqg,PCC} — YPCC(Z)|:Ang,PCC} , (9)
AIdg, PCC %9 Avc?, PCC
where
Bu By N
yPee _ A1 Aq B_XV —=Kk=0 o . (10)
agg (Z) - A( - vax
Baa Bu a,z*
A A = A

In (9), the superscript “g” indicates that the variables are in the
global gd-frame. It is noted that each entry of the aggregated

matrix Yﬁf;ff(z) may have a unique transfer function; thus, a

common denominator is derived (Aq and Aqg) and used for each
gd-axes equation to simplify the direct interfacing process. In
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(10), x and y can be each of the qd-axes. Also, N,, and N,

denote the order of the transfer function’s numerator/
denominator, respectively.

To extract the equivalent conductance matrix and history
terms for the discretized ABAM, the inverse z-transform is
applied to (9), (10), where z** becomes a delay with interval At
in the time domain. After cross-multiplication, (9) and (10) are
expressed in the time domain (for g-axis) as

N

) LK N
Aidpec () + D a‘*—-kmgpcc (t—kAt) =

k=1 %q.0
Bga.0 9 N By« 9 (11)
AV pec )+ 2 AV pec (t—kAt)
q,0 k=1 “q,0
N
a0 zad b

+

AV pec (1) + — AV pec (t—KAL).

q,0 ' k= 8q0 ,
The same approach is applied for the d-axis equation [6]. To
comply with (8), the qd-axes equations, obtained similarly to
(11), are reformulated into the nodal form as

Aig poc (1) =GN AVY oo )+ (M), (12)
bquo qu,o
GABAM _ aqyo aq,O , hAdBAM (t) _ |:hc?BAM (t):| 1 (13)
* | bgo Bug " hi*A (6)
80 Ao

where h®AM(t)

i.e., the solutions at the previous time steps, of the g- and d-
axes equations [obtained similarly to (11)], respectively.

The nodal equations in (12), (13) are derived from the
variations in the input nodes’ voltages. To conform with (8),
equation (12) is modified by adding the steady-state values of

the gd-axes currents at the PCC (i.e., Igdoypcc obtained from
load-flow analysis) to its both sides, as well as replacing
AV pec (1) With (Voo (€)= Vg pec ) Wherein Vi pee are
the steady-state values of the qd-axes PCC voltages, as

and hf®AM(t) include the history terms,

iga pcc () = GsdBAM Vi pec (D) + HquAM ®, (14)
where
HquAM ®= h':fAM ®- GquAMngd orce T 1ggopcc- (19)

The nodal equations in (14), (15) are obtained in the global
gd-frame. However, the ABAM needs to be interfaced with
the external network in the abc coordinates; thus, (13)—(15)
are transformed into abc-frame using Park’s transformation,

ie., K(eg) where 6, =Iwgdt. Thus, the interfacing equation
for the ABAM is constructed in the abc-frame as

abepec () = Glpe () Vapo pec O +H ™ (@), (16)
where

GM(t) =K ™(6,)Ga"K(6,) . (17)

HATM (1) = K (6, )HEEAM (1) - (18)

The conductance matrix G22*" in (17) and the vector of
history terms HZ>* in (18) are incorporated into the overall

network nodal equation. Therefore, with the proposed direct



interfacing approach, the entire CIR-based system shown in
Fig. 1(a) is represented by a single ABAM interfaced through
only three electrical nodes at the PCC, that provides a
simultaneous solution with the rest of the external network.

D. Proposed Numerical Frequency-Domain Analysis

In addition to the time-domain analysis described in
Section 11-C, the proposed ABAM is employed for frequency-
domain analysis of CIR-based systems. To perform such
studies, the total system admittance matrix seen from the PCC
is obtained in the global qd-frame as

-1
Yo = Yo+, s ngqd:[zg,qd] . (19

tot agg
where the grid impedance Z , is obtained similar to (6).

Therefore, according to the admittance-based stability
criterion [8], the system’s eigenvalues are the roots of

det(Y ) If all roots are located in the left-half plane, the

tot
system is stable; otherwise, it is unstable. This approach also
enables the analysis of emerging sub- and super-synchronous
oscillations through investigating the system’s eigenvalues,
and can be regarded as an add-on feature of the proposed DI-
ABAM method for nodal-analysis-based EMT simulators.

The aggregation of ABMs in Section 11-B, the summation
of the admittance matrices, and the calculation of the
determinant of (19) result in high-order transfer functions. For
example, with the original transfer functions of the CIR’s

ABM in (2), i.e., Ycr, Which is a transfer matrix, when the

numerator order is n;=3 and denominator order is n,=4, even
when aggregating just one CIR and one collector line, the
resulting order can exceed 90 (after inverting the ABM and
combining it with the collector line’s IBM). Therefore, model-
order reduction is applied to facilitate the implementation of
ABAMs in simulation programs, where operations involving
high-order transfer functions may become challenging.

For this purpose, the frequency-domain characteristics of
the 1/ABMs of CIRs, collector lines, loads, and any other
system components that can be represented by I/ABMs are
determined. Specifically, in MATLAB, the functions “bode”
and “frd” are used to convert Laplace-domain I/ABMs into
the frequency domain and generate their frequency-response
data, respectively. Subsequently, the I/ABM calculations are
carried out numerically at each stage based on their frequency-
response data across the desired frequency range.

After deriving the ABAMSs’ frequency characteristics, the
function “tfest” is utilized to estimate/fit the frequency
response of the resultant ABAM using transfer functions,
where the order of their numerator (n;) and denominator (np)
can be selected. The suitable order that preserves the
characteristic of the ABAM is determined by reducing the
orders and choosing the minimum order which remains close
to the original characteristic with acceptable accuracy.

I1l.  COMPUTER STUDIES

Here, the performance of the proposed DI-ABAM is
assessed through both time-domain and frequency-domain
analyses. The system in Fig. 1(a) with two (N=2) grid-
following CIRs is implemented in PSCAD. For comparison,
both the non-aggregated AVMs and the proposed DI-ABAM
are implemented using the PSCAD/EMTDC library and its
custom model-building features, respectively. The system
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parameters are listed in the Appendix (Tables Il and I1). It is
assumed that the CIRs have different parameters, with CIR-1
using parameter set-A and CIR-2 using parameter set-B.

For the AVMs, the CIRs are interfaced with the external
network at their POSs through controlled voltage sources
placed behind the output filters. In PSCAD, a one-step
interfacing delay is required for interfacing controlled sources,
which affects the solution of the non-aggregated AVMs. In
contrast, the derived conductance matrix and history terms in
the DI-ABAM are integrated directly into the network nodal
equation without any interfacing delays, as described in
Section II-C. It is also noted that Gear’s second-order
integration rule is used for discretization [6]. Thus, the transfer
functions’ orders in (9), (10) become 16 in the z-domain.

A. Time-Domain and Frequency-Domain Analyses

The system of Fig. 1(a) is assumed to initially operate in a
steady state, defined by the active and reactive power
generated/consumed by the CIRs at their POSs: ie., P, =

I

215 kW, Q. ,= 4.5 KVAR (generating), P, ,=-26 kW, and
Qi 2= -2.9 KVAR (consuming), as well as the active and

reactive power consumed by the local load, i.e., P, =2 kW

and Qg = 0.5 kVAR. At t=0.05 s, a small perturbation is

applied, and the amplitude of the grid voltages increases by
1%. The transient response of variables at the PCC is shown in
Fig. 2, where a very small time step of A=1 ps is used in the
simulations to ensure numerically accurate results. As
observed in Figs. 2(a)-(d), the proposed DI-ABAM
effectively captures the resonant dynamics of the original
system, consistent with those of the non-aggregated AVMs.

Fig. 3 shows the roots of det(Ytot ) Although all the roots

are on the left-half plane, and the system is stable, a pair of
them is very close to the imaginary axis. As depicted in Fig. 3,
the frequency of those roots close to the imaginary axis is
~(889.18/2n) 141.5Hz, close to the oscillation frequency
(1/0.0071=140.8Hz) shown in Fig. 2 that is decaying.

B. Computational Performance

The proposed DI-ABAM is benchmarked against the non-
aggregated AVM for computational performance. The models
are implemented in PSCAD version 5.0 on a computer with a
121 Gen Intel(R) Core(TM) i7-12700 2.1 GHz processor. The
study from Section I1I-A with N=2 is considered, and the
simulation is run for 20 seconds. Table | presents the CPU
time required by the models for different time step sizes. It is
noted that the largest reasonable time-step size for EMT
simulations is determined based on the highest frequency
required to be captured as Afmax < 1/(10 fuax) [5], €.9., Afmax =
500 ps for fmax= 200 Hz.

As seen in Table I, the DI-ABAM outperforms the non-
aggregated AVM by reducing CPU time, i.e., 20.13 s vs.
38.41 s with At=5 ps, and 1.31 s vs. 2.01 s with At=100 ps.
Also, for time steps larger than ~100 ps, the non-aggregated
AVM fails to produce numerically reliable results, due to their
interfacing delay. However, the DI-ABAM provides valid
results with a reduced CPU time of 0.31 s at At=500 ps,
verifying its efficiency while maintaining acceptable accuracy
through removing the interfacing delay.
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To assess the impact of increasing the number of system
components on the computational performance of the subject
models, the number of CIRs and loads is increased to 20 (i.e.,
N=20, with 10 CIRs using parameters from set-A and 10 CIRs
using parameters from set-B). The CPU times for N=20 CIRs
are also listed in Table I.

As shown in Table I, the DI-ABAM shows a significant
improvement in computational efficiency over the non-
aggregated AVM when N=20 (e.g., 21.48 s vs. 189.29 s with
At=5 ps, and 1.32 s vs. 9.73 s with At=100 ps). Moreover, the
processing time for the DI-ABAM with N=20 CIRs remains
comparable to that with N=2 CIRs (e.g., 21.48 s vs. 20.13 s
with At=5 ps, and 1.32 s vs. 1.31 s with At=500 ps). This
consistent CPU time is a result of applying the same modeling
approach and order-reduction procedure in both cases,
resulting in only one aggregated admittance model.

IV. CONCLUSION

In this paper, a direct interfacing approach for admittance-
based aggregated modeling (DI-ABAM) of multiple grid-
following converter-interfaced resources (CIRs) was proposed
to improve the efficiency of time-domain analysis for
emerging sub- and super-synchronous oscillation issues in
multi-CIR  systems. The approach involves deriving
admittance-based models for individual CIRs and then
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numerically aggregating them with the impedance/admittance
models of other system components in the frequency domain.
The resulting transfer functions of the aggregated model were
discretized and incorporated into the overall network nodal
equations to enable a simultaneous EMT solution. It was
demonstrated that the resulting ABAM can be directly utilized
in admittance-based stability analysis, thereby setting the stage
for enabling eigenvalue/small-signal analysis of evolving CIR-
based grids within nodal-analysis-based EMT simulators. It
was verified that the DI-ABAM significantly improves the
computational efficiency over non-aggregated average-value
models by reducing the CPU time through model aggregation
and enabling larger time steps, supporting resonance analysis
in CIR-dominated power systems.

TABLE I. COMPUTATIONAL PERFORMANCE OF THE SUBJECT MODELS IN
PSCAD SIMULATIONS FOR N=2 AND N=20 CIRS
Model Non-aggregated AVM Proposed DI-ABAM
Time CPU Time CPU Time CPU Time CPU Time
step N=2 N=20 N=2 N=20
5us 38.41s 189.29 s 20.13s 21.48s
50 us 4.08s 20.22's 254s 2.67s
100 us 2.01s 9.73s 131s 1.32s
500 ps Not Valid Not Valid 0.31s 0.33s
APPENDIX
TABLE Il. POWER GRID DATA
Parameter Value Parameter Value
|V ae, o |Line 400 V g 2m60 rad/s
Re, Lg 10 mQ, 0.8 mH Rioad, Lioad 30Q, 4 mH
Rea, Lea 30 mQ, 0.1 mH Reo, Leo 20 mQ, 0.06 mH
TABLE Ill. PARAMETER SETS FOR CIRS
Parameter Set-A Set-B
Srated 16 kVA 12 kVA
Viated, Ve 400V, 800 V 400V, 800 V
Ry, Lt 1mQ, 1 mH 5mQ, 3 mH
Kpi, Kii 0.4, 60 0.9, 120
Fy 0.6 0.5
Kopi, Kipi 0.8, 3000 4.4, 2800
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