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ARTICLE INFO ABSTRACT

Keywords: Stability assessments are crucial in transitioning towards a reliable renewable power system. An early
Stability assessment identification of potential challenges allows transmission system planners to implement sustainable and
Equivalent dynamic model cost-effective measures, ensuring stable grid operations. In this context, modeling the interaction of converter-

Distribution network equivalent
Distributed generation
Gray-box approach
Grid-forming converter

based generation in active distribution networks with the transmission network is vital. Complexity-reduced
equivalents of distribution network models facilitate comprehensive stability studies by reducing the compu-
tational load to a feasible level. This work introduces a novel method for creating equivalent distribution
network models that is based on aggregating generators and loads of the detailed network model. Impedances
connect the resulting aggregated components, forming the equivalent network model. This method is validated
across various scenarios of grid-forming converter penetration and grid strength, and is compared with
three established methods. The findings reveal that models aggregated with the industry standard method
exhibit significant deviations from the detailed models and often fail to identify instabilities. Furthermore, the
drawbacks of each established method are identified. In contrast, the proposed method successfully creates
equivalent models that do not exceed any validation threshold values. Therefore, this work highlights the
importance of employing appropriate methods for creating equivalent distribution networks to avoid erroneous
assessments of system stability.

1. Introduction dominated by converter-based generation. This work assesses estab-

lished and novel methods to derive EDAMs for various network condi-

1.1. Motivation tions. The ADN models considered differ in grid strength and the ratio

of grid-following converters (GFLCs) to GFMCs. The primary focus is

With converter-based generation emerging as the primary power to create EDAMs from ADNs featuring a 100 % share of converter-based
source in future electricity systems, network models for stability studies generation.

must focus on both transmission and distribution networks. Under-

standing how converter-based generation in ADNs influences trans-

mission system stability is crucial. However, detailed ADN representa- 1.2. Literature review
tions in stability analyses require significant computational resources.
To tackle this challenge, complex ADN models can be replaced with
complexity-reduced EDAMs, thus facilitating comprehensive system
stability studies.

The EDAM must accurately reflect the dynamic behavior of the
corresponding detailed ADN. If it misses key dynamics, particularly
those of converter-based generation, stability assessments will be com-
promised. Incorrect stability evaluations can negatively affect network
planning, leading to unnecessary costs. Commercial power system sim-
ulation tools offer only insufficient support to create EDAMs for systems software.

Several methods exist for deriving EDAMs. Table 1 provides a
method comparison, which will be discussed in the following para-
graphs. According to [1], the methods can be distinguished between
approaches for networks with only conventional generation and those
that incorporate both conventional and converter-based generation.
The former, such as modal-based [2] and coherency-based approaches,
are well established and widely available in power system simulation
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Table 1
Comparison of methods to derive dynamic network equivalents.
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Modal-Based No Yes Low [2]
Coherency-Based (e.g., REI) No Yes Low [31]
Parameter Identification
— Black-Box Yes No High [4,5]
— Gray-Box Generic Model-Based Yes No High [6-9]
- -B 1 ing-B
Gray-Box Clustering-Based Yes Yes Low [1,10]

(e.g.,TCA,STCA,GCA)

The most commonly used coherency-based approach is the REI
method, developed by [3], which serves as the industry standard.
The REI method generates multiple equivalent generator and load
buses based on load flow results and coherency criteria, with equiv-
alent impedances connecting these buses to an EDAM. An exemplary
REI-based EDAM can be seen in Fig. 1 (b).

In contrast to modal and coherency-based methods, parameter iden-
tification techniques better suit networks with both conventional and
converter-based generation [11]. These methods utilize data from simu-
lation results or grid measurements to optimize EDAM parameters. The
EDAM model structure can be either a black-box or a gray-box. Black-
box models require extensive input data for training artificial neural
networks [4,5]. Methods for creating gray-box models can be further
categorized into approaches based on either generic models or cluster-
ing. The former methods tune parameters of generic network models
to align with the corresponding detailed ADN. Typical components of
these models include static and dynamic load models, as evaluated
in [12,13] (e.g., constant impedance loads, constant current loads, con-
stant power loads, induction motors), and potentially converter-based
generators, as published in [6-9].

Black-box and generic EDAM derivation methods do not require
insight into the detailed network model. However, they depend on
extensive parameter identification data. For stability studies, the EDAM
must reproduce large disturbances, so parameterization data must in-
clude such events. Moreover, calibrating black-box or generic models
is computationally intensive, limiting the evaluation of many grid
development scenarios.

When detailed network information is available - as in stability
studies of future power systems using assumption-based ADN models
- clustering-based gray-box approaches can exploit this knowledge.
These methods aggregate generators and loads into clusters according
to defined criteria and connect the resulting equivalent components to
form the EDAM. They do not require high computational resources but
rely on a thorough understanding of the network, including models of
its dynamic generator and load components.

The work in [14,15] provides an overview of clustering-based meth-
ods. A common practice among transmission system operators is to
aggregate all generators and loads into a single equivalent load (Netting
Approach), as introduced by [16]. However, this approach neglects
the distinct dynamic behaviors of individual generators and loads. The
TCA [10] and the STCA [1] are developed specifically for converter-
dominated systems [1,11]. Fig. 1 (c) and (d) show schematics of TCA-
and STCA-based equivalent models.

The TCA clusters the detailed network’s generators and loads by
technology, control strategy, and voltage level [10]. Each cluster’s
elements are aggregated into a single equivalent component. The re-
sulting equivalent components are connected to a busbar linked to a
transformer via an equivalent impedance. This transformer connects
the EDAM to a boundary bus, serving as a common link between
the ADN and the transmission system. The equivalent impedance is
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parameterized to ensure that the steady-state power flow at the EDAM’s
boundary bus aligns with the one observed at the detailed ADN model’s
boundary bus.

However, since all equivalent components in a TCA-based EDAM are
connected to one busbar, the detailed model’s network topology and the
individual voltage sensitivities at each point of common coupling (PCC)
of the generators and loads, which we consider as a measure of grid
strength, are not captured. This oversight is particularly significant for
GFMCs, whose dynamic response highly depends on both factors [17].

The STCA, introduced in [1], addresses this gap in the GFMC
aggregation process. It clusters GFMCs based on the detailed network’s
topology and voltage sensitivities (%, 3—‘Q/’_, 3—‘3{, and 3—3) at the PCC
i, where P and QO represent active and reactive power, respectively,
and V and 9 denote voltage phasor magnitude and angle. The aggre-
gated equivalent GFMCs are connected through equivalent impedances
in the EDAM, matching the detailed network’s topology and voltage
sensitivities at the corresponding PCCs [1,18]. An additional slack load
component is parameterized to ensure that the steady-state power flow
at the EDAM’s boundary bus aligns with the one at the detailed ADN
model’s boundary bus. When parameterized as a negative load, this
slack component behaves as a static generator.

Both [1,18] leave a crucial research gap unaddressed, as they vali-
dated the TCA and STCA for networks with a substantial GFMC share,
specifically 60 % GFMCs and 40 % GFLCs of the total converter-based
generation. Research has not yet explored networks with varying GFMC
to GFLC ratios or examined how different transmission grid strengths,
measured at the boundary bus, affect EDAM performance. Especially
when the GFMC share is low and the ADN is weak, the dynamic
responses of GFLCs and dynamic loads have a greater influence on the
ADN'’s behavior, which previous methods do not capture. Additionally,
there is no thorough analysis of the industry standard REI method ap-
plied on networks with GFMCs. Evaluating EDAM derivation methods
for varying grid states is crucial, as they are integral to power system
stability studies.

1.3. Contribution and paper organization

This paper targets large-signal stability studies of future power
systems using assumption-based ADN models. Motivated by this scope,
we adopt clustering-based gray-box EDAM derivation methods that
exploit detailed network information and, specifically, introduce the
GCA for constructing EDAMs in converter-dominated systems. To ad-
dress the gap identified in Section 1.2, we evaluate GCA alongside
three established methods (REI, TCA, and STCA) on an ADN model
across grid states that vary in GFMC to GFLC ratios and boundary
bus grid strength. In all scenarios, converter-based generation supplies
100% of the ADN’s demand. For each scenario, we derive EDAMs
with all four methods and perform phasor-domain root mean square
(RMS) simulations for five events in the transmission system (frequency
ramps, a voltage angle step, and a short circuit). We then compare
each EDAM’s dynamic response with the corresponding detailed ADN
model and assess whether it reproduces the detailed model’s stability
or instability.

The main contributions of this paper are as follows:

1. We propose the GCA to capture the dynamic behavior of detailed
ADN models by clustering GFMCs, GFLCs, and dynamic loads
according to voltage sensitivities and the detailed network’s
topology.

2. We quantify deviations in the dynamic behavior between de-
tailed ADN models and their corresponding EDAMs derived by
REI, TCA, STCA, and GCA.

3. We conduct a sensitivity analysis of the REI-, TCA-, STCA-, and
GCA-based EDAM across scenarios differing in GFMC to GFLC
ratios and grid strengths at the boundary bus.
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Fig. 1. Schematic of detailed ADN model (a) and equivalent dynamic ADN model (EDAM) derived by REI (b), TCA (c), STCA (d), and GCA (e)

4. We demonstrate that industry standard REI method for EDAM
creation is not suitable for stability assessment of future ADNs.

Section 2 describes the scenarios and both detailed and equiva-
lent ADN models utilized for the evaluation of the EDAM derivation
methods in this work. Simulations results as well as evaluation metrics
are provided in Section 3. The results and limitations are discussed in
Section 4 and this work concludes in Section 5 with a summary.

2. Active distribution network models
2.1. Scenario overview

To thoroughly assess each EDAM derivation method under variable
grid conditions, multiple scenarios are simulated. These scenarios vary
based on the GFMC/GFLC ratio within the ADN and the ADN’s grid
strength, i.e., the SCR at the lower voltage side of the high voltage
(HV)/medium voltage (MV) transformer. In all scenarios, the ADN is
supplied entirely by converter-based generation.

We span 0% to 60 % GFMC penetration within the ADN, reflecting a
gradual increase in plants with grid-forming properties. Higher shares
are omitted as they appear neither economically justified nor techni-
cally necessary for ADNs. Lower penetrations are included because the
minimum GFMC share for stable operation is system-dependent and
unresolved. They are also essential for simulating transitional stages
towards higher GFMC penetration. Low local GFMC shares (0% to
20 %) may arise when neighboring ADNs provide sufficient grid-forming
properties. According to [19,20], stable operation near 100 % converter-
based generation penetration may require a 10% to 35 % GFMC share
in Great Britain and 30 % to 40% in Ireland. Beyond these indicative

values, [20] notes that the minimum share remains an open question
and emphasizes its dependence on system characteristics, including the
spatial distribution of generation.

Table 2 provides an overview of the considered scenarios and their
respective scenario names. An SCR of 1.5 is considered as a weak,
an SCR of 5 as a modest, and an SCR of 10 as a strong connection
to the transmission grid [21,22]. The GFMC shares range from 0%,
implying that the ADN’s demand is met by GFLCs, to 60 %, representing
a significant GFMC penetration scenario.

The SCR of a converter is calculated according to [16] as

S.
SCR = =5€|

e @

where Sy is the rated apparent power of the converter and Sgc the
short circuit apparent power of the AC system as defined as

2

(2)

Ssc Zy
where V), is the converter voltage and Z,, the Thévenin equivalent
impedance [23] of the AC system. To define the SCR of an ADN, Sy
is the summed up apparent power of each generator within the ADN.
Ssc is the apparent short circuit power at the lower voltage side of
the HV/MV transformer. Z,;, is defined as the downstream impedance
associated with the ADN. As Sy remains constant for all scenarios, the
internal impedance of the AC voltage source in the transmission system
is adapted to fit the required Sqc.

For all network scenarios of Table 2, the following events are
simulated:
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Table 2
Overview of scenario names.
GFMC share
0% 20% 40% 60 %
SCR = 1.5 0/100-1.5 20/80-1.5 40/60-1.5 60/40-1.5
SCR =5 0/100-5 20/80-5 40/60-5 60/40-5
SCR = 10 0/100-10 20/80-10 40/60-10 60/40-10
Table 3

Generation and demand of the network model of scenario 60/40-1.5 with a
60 % GFMC share and an SCR of 1.5.

Voltage Actual Number
Level Type Power of Units
0.4 MW
220k 1 1
0kV Voltage Source (Slack)
Generation GFLC
- PV 0.9 MW
10kv - DER A 15.3MW 91
GFMC 23.8MW
Dynamic Composite Load
— Three-Phase Motor 16.1 MW 15
— One-Phase Motor 7.9 MW 5
D 10Kk
emand Okv — Electronic Load 6.5 MW 5
— Static Load 2.6 MW 5
Constant Impedance 6.9 MW 117

» Frequency ramps with a Rate of Change of Frequency (RoCoF) of
0.5Hz/s, adjusting from 50 Hz to targeted frequencies of 48.5Hz,
50.25Hz, and 51.5 Hz.

+ Voltage angle jump from 0° to 23°.

+ Three-phase short circuit lasting 130 ms.

2.2. Detailed ADN Model

The focus of this research is the stability of decentralized converter-
based systems. Hence, the demand of the ADN models utilized in this
work is met entirely by converter-based generation. Table 3 provides
the generation and demand details of the ADN in the 60/40-1.5 sce-
nario, where 60% of the ADN’s demand is met by GFMCs, and the
remaining 40 % is generated by GFLCs. This scenario describes a weak
grid with an SCR of 1.5.

GFLCs are modeled as large-scale photovoltaic power plants (PVs)
as described in [24] and as generic distributed energy resources us-
ing the DER_A model introduced in [25]. GFMCs are represented as
droop-controlled converters based on the template provided by DIgSI-
LENT [26]. The GFMC’s output current is limited to 1 pu. On the DC
side, the GFMC is connected to a battery energy storage system.

The ADN’s demand, which is consistent across all scenarios, is mod-
eled with both dynamic (around 83 % of total demand) and constant
impedance loads (around 17 % of total demand). For the former, the
composite load model introduced in [27] is used, comprising three
three-phase motors, an one-phase motor, an electric load, and a static
load.

Fig. 1 (a) depicts the transmission network and the ADN. The former
is modeled as a 220kV AC voltage source with an internal impedance
and a 100km transmission line. The line is modeled according to the
subtransmission line of the CIGRE benchmark system in the European
configuration [28]. The open-ring ADN structure and the demand
distribution are based on a 10kV network from the open-source tool
DINGO [29]. The PCCs of GFMCs, large-scale PVs, and dynamic loads
are marked in Fig. 1 (a) to illustrate the distribution within the ADN.

2.3. Equivalent Dynamic ADN Models
2.3.1. REI-based Model

REI, widely implemented in commercial power system simulation
tools like DIgSILENT PowerFactory, sets the industry standard. As noted
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in Section 1.2, transmission system operators often aggregate an ADN
to one equivalent load for system stability studies. However, REI, by
distinguishing between generation and demand, offers superior pre-
cision. By connecting the equivalent components via impedances, it
more accurately approximates the relationship between generation and
demand within the detailed network.

The REI method aggregates loads and generators of the detailed
network model to equivalent components based on coherency criteria
(similar rotor angle swings). It generates multiple aggregated equiv-
alent components connected via impedances to retain the electrical
distances from loads and generators to the boundary bus (Fig. 1 (b)).
As the coherency-based aggregation relies on synchronous generation,
converter-based generators are aggregated as static components ne-
glecting their dynamic responses. A detailed description of the method
can be found in [3].

2.3.2. TCA-based Model

The TCA as a clustering-based approach clusters all generators
and loads of the detailed network and aggregates them to an equiv-
alent component per cluster. As mentioned, the detailed ADN model
comprises three different converter control strategies: GFMC and two
different GFLCs (large-scale PV and DER_A model). Also, two different
load models are used: dynamic composite load and constant impedance
load. This leads to five clusters, i.e., five equivalent components, for the
TCA-based EDAM (Fig. 1 (c)). The active and reactive power generation
and demand of the equivalent components is calculated by summing up
the active and reactive power generation and demand of all individual
generators and loads per cluster in the detailed network.

All equivalent components are connected to the lower voltage side
of the transformer by an impedance. This impedance is parameterized
to match the steady-state power flow at the EDAM’s boundary bus to
the one at the detailed ADN model’s boundary bus. [10] describes the
TCA in more detail. Note that all GFMCs in the studied ADN have
the same control strategy, which is droop-based control. If there were
different GFMC control strategies in the network being aggregated, it
would lead to a respective increase in the number of clusters, i.e., more
equivalent GFMC components.

2.3.3. STCA-based Model

The equivalent GFLCs and load components found in the TCA-based
EDAM are also present in the EDAM derived by the STCA shown in Fig.
1 (d). However, the STCA further integrates the grid’s strength and the
network topology in the GFMC aggregation process since both factors
are essential to capture the dynamics of GFMCs properly. Since all
GFMCs within the detailed network are located in different branches, a
GFMC aggregation that preserves relevant dynamics of the network is
not feasible. As a solution, the six GFMCs are considered individually
and connected in parallel within the EDAM.

The equivalent impedances connecting the equivalent GFMCs with
the lower voltage side of the transformer are parameterized to represent
the grid’s strength at the PCCs of the corresponding GFMCs in the de-
tailed network. As introduced in [1], the voltage sensitivities 3—2, :—(‘;,
Z'—Z::, and ::—9” are a suitable measure to consider the grid strength at the
GFMC’s PCC i. Hence, optimal parameters of the equivalent impedances
minimize the differences in voltage sensitivities at GFMC’s PCC in the
detailed network compared to those in the EDAM. With this impedance
parameterization, the steady-state power flow at the EDAM’s boundary
bus is unlikely to match that of the detailed network’s boundary bus.
Thus, an additional static load (slack load) is introduced to align the
power flows. More detailed information about the STCA can be found
in [1,18].
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2.3.4. GCA-based Model

As mentioned in Section 1.2, previous work validated the STCA in
networks with a high GFMC share. However, with low GFMC shares
and weak grid conditions, the GFLCs and dynamic loads play an in-
creasingly crucial role in the ADN’s dynamic response to events. In
such cases, these components must be represented more distinctly in
the EDAM to better reproduce the detailed ADN’s dynamic behavior.
Therefore, we propose a more general approach with the GCA.

Here, we consider the voltage sensitivities at the PCCs of generators
and loads, and the network topology not only in the aggregation
process of the GFMCs, but also of the GFLCs and dynamic loads.
The resulting EDAM is shown in Fig. 1 (e). In this model, GFMCs,
large-scale PVs, and dynamic loads of the detailed network are not
aggregated to a fewer number of equivalent components due to their
spatial distribution within the detailed network and the low complexity
reduction achieved by an aggregation. The remaining 91 GFLCs are
aggregated to six equivalent GFLCs, where only neighboring GFLCs
are reduced to one equivalent component to approximate the detailed
network’s behavior.

The equivalent impedances of this GCA-based EDAM are parame-
terized to match the voltage sensitivities at the PCCs of components
to the ones at the corresponding PCCs in the detailed network. When
aggregating multiple components, the equivalent impedance is parame-
terized such that the voltage sensitivities at the equivalent component’s
PCC represent the respective voltage sensitivities in the detailed ADN
model.

2.3.5. Derivation of voltage sensitivities

Both STCA and GCA depend on the calculation of voltage sensitiv-
ities %, :—g, :‘—;],f, and % A voltage sensitivity at a bus quantifies
how itslvolta’ge rﬁagnitude or angle changes in response to variations in
the active or reactive power injected at that bus. As established in our
previous work [1], the inverse Jacobian matrix used in the Newton—
Raphson power flow serves as a sensitivity matrix from which these
quantities can be derived.

Around a steady-state operating point with bus 1 as slack node, a

first-order linearization yields

[ok . 9k 0B 9P
AP, 29, 2, o W, 149,
: OB, _ on, 9B, 0P, :
AP, [ _| 3s, %, o v, || 49, 3)
A0, 722 .. % 9% 9% ||y, |
2 99, 29, o av, || 772
40,1 oo, . 0, 00, . o0 |lav,
L 29, 2, o v, |
which we write compactly as
AZ = G AX, ()]
AX = G™'AZ = F 4Z, (5)
with
H N
F= 6
[ " L] ©)

as the inverse Jacobian matrix.
We focus on the diagonal entries of H, N, J, and L, which capture
the local response of each bus to its own power changes. These entries
s OV dV; a9 29; .
correspond to the sensitivities T ﬁ, YL and —-. It becomes evident
that voltage sensitivities can be obtained from a simple load flow
calculation, making STCA as well as GCA fast and straightforward to

apply.

2.3.6. Equivalent impedances parameterization

The parameterization of the equivalent impedances in the TCA,
STCA, and GCA aims to minimize the mismatch in voltage sensitivities
between the detailed and the equivalent network model at relevant
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nodes (PCCs of GFMCs, GFLCs, dynamic loads, and branch nodes with
three or more connections). Since an exact match is hardly attainable,
an error tolerance of ¢ = 5% has been found sufficient for rapid
parameterization of a well-performing EDAM [1,18,30].

In the EDAM, the voltage sensitivities of a node depend on the
equivalent impedance’s real and imaginary parts, R and X. Accord-
ingly, the optimization problem can be written as introduced in [30],
that is,

n 4
minimize R, X) — IR, X))? (7a)
ReR" X eR" ;Z{ ’t s
subject to O<R <Rpx Vi=12..,n (7b)
0<X; < Xy Vi=1,2,...,n. (70)

The function y(R, X) returns the voltage sensitivities for each relevant
node i,

av;
— (R, X
yli(R,X) 09( > )
Vi
.VZi(RvX) - ()_Q,v(R’X) (8)
yuRX) L SR x) |
Y4 (R, X) (3_'9:
L (R.X)

Here, y%°'(R, X) gives sensitivities of the detailed model and y°*I(R, X)
those of the EDAM. The bounds R, and X, ,, depend on the network
and PCCs of GFMCs, GFLCs, and dynamic loads.

If each GFMC, GFLC, and dynamic load is modeled individually in
the EDAM, %' (R, X) and y*4(R, X) both lie in R**", where n is the
number of equivalent impedances. With aggregation, n counts only
GFMCs, GFLCs, and dynamic loads kept individual. Impedances for the
remaining aggregated equivalent components are tuned so that PCC
voltage sensitivities lie within the range spanned by the sensitivities
of all GFMCs, GFLCs, and dynamic loads in the corresponding cluster
of the detailed network model [30].

3. Simulation results
3.1. Setup and validation methodology

This study involves simulating five distinct events, comparing the
responses from a detailed ADN model against those from correspond-
ing EDAMs derived using REI, TCA, STCA, or GCA for each scenario
outlined in Table 2. RMS simulations were performed in DIGSILENT
PowerFactory with an integration time step of 1ms. The five events
listed in Section 2.1, which are initiated either by the voltage source
or at the PCCs for short circuit faults, occur at Os.

The goal is to validate whether EDAMs can accurately reproduce
the dynamic behavior of the detailed ADN model, particularly at the
boundary bus. To this end, deviations in active and reactive power
flows at the boundary bus are calculated at each simulation time step.
Three error metrics, namely mean absolute error (MAE), mean error
(ME), and root mean square error (RMSE), are used to quantify these
deviations:

« mean absolute error MAE:

T g
13 === — 9
MAE N ©
* mean error ME:
N
—1 Xg(n)
SvE = Z"—ITE (10)

» root mean square error RMSE:

>N X2
ORMSE = + an
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Fig. 2. Scenario 60/40-5: Voltage angles at the boundary bus and at a GFMC
in the detailed ADN model illustrating the instability.

xg(n) denotes the active or reactive power deviation between the
detailed ADN model and the EDAM at the boundary bus for each
time step n, and N represents the total number of time steps. Given
the EDAMs are parameterized based on the steady-state power flow
(Section 2), deviations prior to the event are considered negligible. The
relevant time frame for calculating these error metrics extends from 0s
to 5s after the event initiation.

xg(n) is defined as pg(n) for active power, that is,
pp(n) = Papn(n) - PEDAM(”)’ 12)

40
where Py = 40MW as the detailed ADN model’s active power demand.
Similar to (12), xg(n) is defined as gg(n) for reactive power with Q, =
10Mvar as the detailed ADN model’s reactive power demand.

The guidelines in [31] provide threshold values for 6z and Syg. If
the error metrics for both active and reactive power are below 0.17 for
Smag and within the range of —0.15 to 0.15 for 6y, respectively, the
EDAM is considered a valid representation of the detailed ADN model.
The system behavior is considered unstable if the system variables
observed in the simulations are either poorly damped to such an extent
that they diverge or no longer show decaying oscillations.

3.2. Exemplary case studies

3.2.1. Frequency ramp instability (Scenario 60/40-5)

An unstable detailed ADN model is illustrated exemplary with the
event of a frequency ramp to 51.5Hz with a RoCoF of 0.5Hz/s in
a network with a GFMC penetration of 60% and an SCR of 5. This
event leads to an instability in the detailed ADN model as shown in
Fig. 2. Here, the voltage angles measured at the boundary bus and
at one exemplary GFMC of the detailed ADN model are compared. It
becomes clear that both voltage angles deviate significantly leading to
an unstable model.

The dynamic behavior of the EDAMs compared to the detailed
ADN model are exemplified for the same event in Fig. 3, where active
and reactive power flows from the transmission to the distribution
networks are analyzed. Notably, significant oscillations are observed in
the detailed ADN model, the TCA-based EDAM, the STCA-based EDAM,
and the GCA-based EDAM. In contrast, the REI-based EDAM does not
capture these oscillations, exhibiting stable behavior instead.

3.2.2. Short circuit in weak grid (Scenario 0/100-1.5)

As an additional example, Fig. 4 shows the active and reactive
power flows at the boundary bus of the detailed and equivalent ADN
models. The GFMC penetration is 0 % and the ADN model is connected
to a weak transmission system, i.e., a SCR of 1.5 at the boundary bus.
The simulated event is a short circuit with a duration of 130 ms.

The REI-based EDAM reaches steady-state values without significant
dynamics and, hence, does not capture the dynamic behavior of the
detailed ADN model. This is expected as the equivalent converters
are modeled as static components without dynamic responses (Sec-
tion 2.3.1). Since no GFMCs are present, the EDAMs derived by TCA
and STCA have a similar behavior, which differs significantly from the
one of the detailed ADN model. All GFLCs are aggregated into a single
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Fig. 3. Scenario 60/40-5: Active and reactive power flow from the trans-
mission system to the detailed and equivalent ADN models measured at the
boundary bus; positive reactive power values: over-excited state; negative
reactive power values: under-excited state.
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Fig. 4. Scenario 0/100-1.5: Active and reactive power flow from the trans-
mission system to the detailed and equivalent ADN models measured at the
boundary bus; positive reactive power values: over-excited state; negative
reactive power values: under-excited state.

equivalent component in both the TCA- and STCA-based EDAMs, and
connected to the transformer’s lower voltage side (Section 2.3.2 and
Section 2.3.3). Consequently, the equivalent GFLC’s reactive power is
controlled based on the voltage measured at that single busbar. Because
the equivalent GFLC supplies large reactive currents, its current limits
are exceeded repeatedly in the post-fault period, causing oscillations
visible in Fig. 4 between approximately 7s and 12s.

The EDAM derived by GCA distinguishes between the individual
GFLCs of the detailed ADN model (Section 2.3.4). By incorporating
voltage sensitivities and network topology into the aggregation process,
the voltages measured at the equivalent GFLC’s PCC and, therefore, the
reactive currents, more closely match those of the detailed ADN model.
As the GCA-based EDAM only supplies realistic reactive currents, which
do not exceed limits, it reproduces the power flows of the detailed ADN
model correctly.

3.3. Cross-scenario validation

A more comprehensive analysis is given in Fig. 5. Here, the share
of failed error metrics Syap and Sy, i.e., the error metrics exceed
threshold values defined in [31], for both active and reactive power is
shown. This heatmap is divided into five different events, four EDAM
derivation methods, four GFMC penetration scenarios, and three SCR
scenarios. The less validation thresholds are exceeded the better the
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Fig. 6. Violin plots with average values of active and reactive power devia-
tions &pyge of different EDAMs dependent on the GFMC penetration and SCR
scenarios.

EDAM reproduces the dynamic behavior of the corresponding detailed
network.

The results indicate significant active and reactive power deviations
of the REI-based EDAM in all GFMC penetration and grid strength
scenarios. In 45 of the 60 calculated scenarios, the threshold of either
Smag OF Syg is exceeded. EDAMs derived by TCA as well as STCA
also deviate from the corresponding detailed ADN models for some
scenarios. In total, EDAM derived by TCA exceed threshold values of
SmAE OF Sy in 21 of the 60 scenarios, while the STCA-based EDAM is
invalid in only 12 scenarios. Both TCA- and STCA-based EDAMs capture
the frequency change to 50.25Hz and the phase jump to 23° without
validation violations. Opposed to all other EDAMs, the introduced GCA-
based EDAM does not exceed any threshold and, hence, reproduces the
dynamic behavior of the detailed network model very well.

3.4. Sensitivity to GFMC penetration and grid strength

Fig. 6 shows the density of éysp deviations for both active and
reactive power of the investigated EDAMs compared to their corre-
sponding detailed network. The left side of the plots focuses on the four
GFMC penetration scenarios and the right side shows the deviations
dependent on the three considered SCR scenarios. Similarly to the
previous deductions, REI-based EDAMs deviate significantly from the
dynamic behavior of the detailed network model.

Increased GFMC penetration tends to amplify the discrepancies
observed in TCA-based EDAMs, especially for active power deviations.
Conversely, EDAMs derived by STCA generally better replicate the dy-
namic behavior of the corresponding detailed ADN models in scenarios
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Fig. 7. Stability assessment of EDAMs derived by REI, TCA, STCA, and GCA.

with higher GFMC penetration. Weak grids, characterized by low SCR,
lead to more pronounced deviations in STCA-based EDAMs compared
to those observed in grids with higher SCR. It becomes clear that the
introduced GCA is the only approach to create EDAMs that result in
low Sgypsp deviations across all GFMC penetration and SCR scenarios.

3.5. Accuracy of stability assessment

In addition to analyzing deviations, this work addresses stability
assessments of EDAMs. Fig. 7 is segmented into four bar plots stating
the stability of both detailed ADNs model and EDAMs for each event.
Note that one event is simulated in four GFMC penetration and three
SCR scenarios.

It can be seen that several events lead to an unstable detailed ADN
model, specifically the frequency jump to 48.5Hz and 51.5Hz in 75%
of the cases, i.e., in nine GFMC penetration and SCR scenarios. EDAMs
derived by TCA, STCA, and GCA capture these instabilities, while REI-
based EDAMs lead to the incorrect conclusion that the detailed models
are stable.

3.6. Model complexity and computational efficiency

The scenario 60/40-5 with the 130 ms short circuit fault is used to
analyze the reduction in model complexity, i.e., simulation time and
number of nodes. Table 4 compares the EDAMs derived by REI, TCA,
STCA, and GCA. The former three methods reduce the detailed ADN
model significantly from 195 nodes to two, five, and seven nodes. Such
a model reduction leads to a distinct reduction in simulation time. Here,
the REI-based EDAM enables the fastest simulation.

The consideration of voltage sensitivities and network topology
within GFLC and dynamic load aggregation process inevitably increases
model complexity. Hence, the EDAM derived by GCA is the most
complex EDAM in terms of node number and simulation time. The
195 nodes are reduced to 27 nodes and the simulation is performed
in around 21 % of the detailed ADN model’s simulation time.
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Table 4
Reduction in model complexity by EDAMs.
ADN Model Simulation Time
Aggregation Method Number of Nodes Relative to the Detailed Model
None (Detailed Model) 195 100 %
Equivalent — REI 5 3%
Equivalent - TCA 2 8%
Equivalent — STCA 7 12%
Equivalent — GCA 27 21%

4. Discussion

As a growing share of generation is located in distribution networks,
stability studies must capture ADN dynamics via equivalent EDAMs, not
only transmission behavior. Clustering-based gray-box EDAMs enable
rapid derivation from detailed ADN models and static load flow data,
whereas black-box or generic model-based gray-box methods rely on
dynamic data.

The complexity of EDAMs derived by clustering-based approaches
scales with the number of clusters and ADN diversity. The proposed
GCA forms clusters by generation and load technology, control strategy,
network topology, and PCC voltage sensitivities. In our case, the GCA-
based EDAM reduces nodes by 86% and simulation time by 79 %.
Greater reductions could be possible with generic model-based gray-
box or black-box EDAMs, but clustering-based methods demand less
computational effort and facilitate embedding diverse ADN variants in
transmission studies to probe stability sensitivities.

To balance accuracy and simulation time in extensive simulations,
adaptively switching EDAM complexity based on event and grid state
is promising. For instance, TCA and STCA are sufficient for GFMC
penetrations below 20 % except during short circuits. A fast mechanism
to select the appropriate reduction methodology per event and network
is a worthwhile future task.

While our scenarios target converter-dominated ADNs, the GCA
readily accommodates additional dynamic resources such as wind
plants with doubly fed induction machines or distributed synchronous
generators by forming dedicated clusters per generation technology and
control strategy. We expect our main findings to carry over. REI-based
EDAMs may perform relatively better when synchronous machines
are present, whereas voltage sensitivity- and topology-aware clustering
remains advantageous as the number and diversity of distributed units
increases. Evaluating cases with substantial shares of doubly fed induc-
tion machines and residual synchronous generation is left for future
work.

Considering electromagnetic transients (EMT) in stability studies is
increasingly relevant [32]. Because clustering-based gray-box methods
retain the dynamic models of loads and generators, the GCA should
require minimal adaptation when aggregating a detailed ADN devel-
oped within an EMT framework. However, careful consideration must
be given to the intended purpose of the generated EMT model, as ag-
gregation can remove essential transient detail and thereby undermine
the validity of EMT based analyses. Validation metrics may also need
adaptation, potentially favoring comparisons of instantaneous values
over RMS quantities.

This study examined discrete GFMC penetration and SCR steps, and
specific events. Intermediate scenarios, broader generator’s PCC vari-
ability, varying GFLC cluster counts, rural areas with higher generation
than consumption, and interactions among multiple GCA-based EDAMs
through transmission should be explored in future work. Incorporating
a determination of grid strength based on Equivalent Short-Circuit
Ratio (ESCR) [22] could further refine the aggregation process by
accounting for both grid-forming and grid-following contributions to
grid strength on a node-specific basis and with regard to the network
topology.
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5. Conclusion

This paper evaluates the REI, TCA, and STCA methods for creating
EDAMs of converter-dominated ADN models, identifying their limita-
tions in simulating short circuit faults, as well as phase and frequency
events across different GFMC penetration and SCR scenarios. EDAMs
created with the industry standard REI method consistently show signif-
icant deviations in all scenarios. TCA-based EDAMs exhibit decreasing
validity with increased GFMC penetration, while STCA-based EDAMs
perform better under conditions of high GFMC penetration and high
SCR.

Based on these observations, we propose the GCA to more ac-
curately reflect the dynamic behavior of detailed ADN models. This
enhanced aggregation process incorporates considerations of voltage
sensitivities and network topology not only in the GFMC aggregation
but also extends to the aggregation of dynamic loads and GFLCs.
EDAMs produced using this GCA successfully replicate the dynamic
behavior of their corresponding detailed ADN models without any
validation violations.

Furthermore, the study examines the accuracy of stability assess-
ments using EDAMs. The REI method leads to incorrect stability as-
sessments in multiple scenarios. Opposed to the other methods, REI is
implemented in commercial power system simulation tools and, hence,
widely used in industry practices. The flawed stability assessments
shown in this work highlight the importance for power system planners
to utilize methods that are more suitable for converter-dominated
systems to ensure accurate and reliable assessments.
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