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Abstract— This paper proposes a “grey-box” aggregated dynamic model for active distribution
networks, taking into account a heterogeneous fleet of generation technologies alongside their expected
behavior when taking into account the latest European grid codes requirements in terms of voltage
support services. The main goal of the proposed model and underlying methodology for its identification is
to represent the transient behavior of the active distribution system following large voltage disturbances
occurring at the transmission side. The proposed aggregated model is composed by three main
components: an equivalent power converter for generation and battery energy storage systems portfolio
representation; an equivalent synchronous generation unit; and an equivalent composite load model. The
model’s parameters are estimated by an evolutionary particle swarm optimization algorithm, by
comparing a fully-detailed model of a distribution network with the aggregated model’s frequency
domain’s responses of active and reactive power flows, at the boundary of transmission-distribution

interface substation.

Keywords— Active distribution networks; Distributed generation; Renewable energy systems; Dynamic
modelling.

1. INTRODUCTION

The last decades have been of considerable transformation for electrical power systems,
involving a shift from the conventional generation paradigm to the large-scale integration of
distributed generation (DG) exploiting Renewable Energy Sources (RES) being connected at all
voltage levels, with a significant share being accounted at distribution grids. Alongside,
distributed energy resources (DER) are also contributing to change the landscape of future
distribution grids, such as the battery energy storage systems (BESS) for supporting the local
management of loads and DG, and the need of supplying electric vehicles charging points.

Aiming to assure grid stability and security in face of increasing shares of DG integration,
system operators start to require these units to provide network services complementary to the

energy production role [1,2]. Taking into account the Continental Europe case [3], specific



requirements have been defined for the connection of generation units to the grid. In particular,
generation units have been categorized per type, considering the installed capacity and the
voltage level at which they are connected. Even smaller units (in the network code referred to
as types A and B), connected to lower voltage levels, are now required to provide frequency
sensitive operation modes, namely the capability of active power modulation in case of a grid
over-frequency event, and even low voltage fault ride-through (FRT) capabilities. The
definition of this set of connection requirements defines a new paradigm for the expected
behaviour of the distribution grid itself as well as in what concerns its interaction with the
upstream transmission network. Consequently, in future scenarios characterized by increasing
shares of RES in the electric power system, the role that DG units connected to the distribution
grid have in the overall system performance must be taken into account with respect to different
phenomena and operation strategies, once it may represent an important percentage of the total
generated power in a given region [4]. Therefore, in order to achieve relevant results within the
scope of networks’ stability studies, the active distribution networks (ADN) modelling
strategies need to be considered.

Within the traditionally approach for assessing system stability from the transmission system
operator (TSO) perspective, the distribution networks were modelled as passive lumped loads
without specific characterization of dynamic phenomena [5]. The active nature of the
distribution grid precludes this approach, requiring new modelling strategies to be properly
identified. Given the active nature of distribution networks, modelling of its transient behaviour
1s becoming of utmost importance for TSO within the scope of system transient stability
studies. Nevertheless, confidentiality issues precludes data sharing between distribution and
transmission system operators. If the possibility of data sharing is assumed as possible and
effective, the complexity of an integrated model accounting for the transmission and
distribution grid increases exponentially. To overcome such limitations, it can be envisioned a

more active role for DSO regarding the characterization of their grids and connected assets by



providing aggregated models up to the distribution-transmission grid substation while
maintaining the privacy of the information. This concept, which supports the applicability of
the methodology addressed in this work, is being developed within the framework of the
European Union funded project EU-SY Sflex [6]. Taking into account large system dominated
by synchronous generation units, reduction techniques exploiting modal and coherency-based
methods are widely available, but lacking the explicit consideration of DG at the ADNs [7].
Within the aforementioned scope, it is possible to find in the literature some approaches
addressing the aggregated modelling of distribution grids with DG [8—11], being that most lean
to measurement-based strategies and can be categorized as white-box, black-box and grey-box
approaches. White-box strategies require a high level of detail of the system, which is typically
not available since distribution networks are very extensive and the complete mathematical
characterization of these networks would also represent an increased computational effort;
black-box strategies, which may be interesting due to its complete independence of the need for
relevant system information, preclude adherence to the relevant phenomena and therefore do
not have large acceptance from system operators. Additionally, these solutions are normally
highly case-dependent, not being able to represent an extended range of system configurations
and operational states (unless, beforehand, considered in the training process). Grey-box
strategies may be considered the best suiting approach to this problem, since they exploit a
balance between white-box and black-box approaches, while preserving some degree of
adherence to the system characteristics. In this case, it is assumed to be known the model
structure, being necessary to identify the most adequate parameters it includes. Within this
scope it is already possible to find some solutions proposed in the literature. In [5] the authors
address the derivation of ADNs aggregated models comprising converter-interfaced generation
systems and different types of loads (ZIP-type loads and induction motor based loads).
Although the authors consider static and dynamic loads, the generation portfolio is limited to

converter-connected units and the adherence to connection requirements such as FRT capability



is not addressed. Also, robustness of the approach regarding different voltage sags at the
distribution-transmission interface is also not addressed. In [8], the authors present an
equivalency approach for ADNs aiming to address their power-frequency response capabilities;
nevertheless, the transient response in face of large voltage disturbances is not considered. In
[9] the authors propose an adaptive variable-order transfer function to represent the aggregated
response of the ADN, which is a highly case-dependent methodology, not demonstrating
robustness to multiple disturbances without model adaption.

In order to overcome some of the limitations identified in the literature, in this paper it is
addressed the development of a methodology for the derivation of a robust aggregated model
for DG-reach distribution grids considering a wide diversity of inverter-based generation
systems (distributed storage units included) being compliant with new grid code requirements
such as FRT and reactive current injection capabilities, as well as synchronous based generation
systems. The consideration of such a diverse fleet of generation technologies into the equivalent
model and the development of a robust aggregated model with respect to a wide range of
voltage disturbances is not available in the existing literature, and is an important contribution
of this paper. From the load side, static and dynamic load types are considered in the proposed
approach, which also enhances the model’s diversity and hence the range of its
representativeness. The aggregated model is intended to represent the transient behaviour of
ADNss in the boundary of the transmission/distribution substation with respect to active and
reactive power flows over time, while facing large voltage disturbances resulting from faults
occurring in the transmission grid side. Robustness of the proposed solution is addressed by
identifying a robust set of parameters capable of covering different distribution grid operating
conditions, taking into account different magnitudes of voltage sags at the transmission-
distribution interface. The proposed approach assumes a “grey-box” type aggregated equivalent
model for which proper parametrization is necessary to be identified. The aggregated model

parametrization is based in a meta-heuristic optimization method seeking the best fit of the



aggregated model response to the one derived from the complete distribution grid model. The
model structure, parameters estimation and respective test cases are computed recurring to the
software tool of MATLAB®, in coordination with the simulation platform of
MATLAB/Simulink®.
2. DYNAMIC EQUIVALENT MODEL FOR ADN

For the purpose of this work, the distribution system to be reduced is considered to be
operated radially, which typically occurs at the Medium Voltage (MV) level. It is also assumed
that the generation system portfolio connected to the distribution grid comprises small
synchronous generation units assumed to operate with constant mechanical power, converter-
interfaced generation units (such as wind and solar installations) as well as energy storage
devices [12]. The system loads are considered to be dynamic (motor-load type) and static
(exponential load model). In each model type, different parameter sets available in the
literature, for each element, were used in order to create the complete distribution grid model
[13-15].

It is also important to point out that, since the emphasis of this study is on the transient
behaviour of the voltage, no frequency-dependent events were considered in the vicinity of the
transmission-distribution boundary substation where the aggregated response is to be captured
from the distribution grid side. Voltage-related transient responses may lead to under-frequency
events as a result of the response of converter interfaced units. However, taking into account
the typical size of MV-connected generation units, as well as the classification of the generation
units in terms of its capacity according to the European Grid Code (according to [3], units from
1 MW up to 50 MW are of type B in the continental Europe, which are required to be sensitive
only to over-frequencies), it is reasonable not to consider the frequency response of these units
at this stage. Nevertheless, converter interfaced generation systems in the distribution grid side

are considered to be FRT-compliant and to be capable of providing dynamic voltage support



during grid faults by means of reactive current injection. Also, the three-phase distribution
network is assumed to be balanced.

2.1. Equivalent model structure

Taking into account the fleet of generation systems and loads assumed to be connected to
the MV distribution grid, it is proposed to use the generic aggregated model structure depicted
in Figure 1, in order to represent the dynamic behavior of the distribution grid at the
transmission/distribution HV/MV boundary substation, following transmission grid
disturbances. The underlying rationale of the proposed aggregated model is to superimpose the
contribution of the elements that contribute dynamically to the behaviour of the overall
distribution system. To do so, the model includes three main equivalent components: a
composite load, a synchronous generation unit and a power converter accounting for generation
and BESS. Each of these components are connected to the transmission/distribution boundary
where model aggregation takes place through an equivalent impedance (Z;544, Zgen, and
Zgen,) to emulate voltage drop effects along the distribution grid feeders. The following
subsections present in detail each component of the aggregated distribution grid adopted model.
The individual models of the components included in the aggregated distribution grid model are

of the same type of those considered in the full distribution grid model.
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Figure 1 — Aggregated distribution network model structure.

2.1.1.  Equivalent load model

The equivalent load model is aggregated into two types, considering one static and two
dynamic (motors M; and M) loads, connected in parallel. The use of this representation is
intended to represent the dynamic behaviour of a wide variety of industrial and service sectors’
types of loads, covering heating and lighting loads for the static type, and motors for
cooling/ventilation, compressed air, refrigeration and industrial appliances for the dynamic type
[13,14].

The static load is represented by an exponential model of a dynamic load, where the active
and reactive power consumed varies exponentially (with n,, and ng, respectively) as a function

of the voltage, according to the following equations:
PWV) =Py (L) ()
Vo

v\"a
Q) = Qo) 2)
In these functions, Py and Q, are the initial active and reactive power of the model, and V

and V;, are the measured and initial voltages, respectively.



To represent the dynamic load part, a third order state-of-the-art representation of three-
phase asynchronous machines (squirrel cage), modelled in a dq rotor reference frame was
adopted from the MATLAB/Simulink® library. Motors M; and M differ in the respective
consideration of constant and rotor-speed dependent torque modes, for a broader representation.
Besides their nominal power, each of the motors’ models are re-parametrized by adjusting their
stator and rotor’s resistances and leakage inductances (R;, L; , R, and Llr’, in p.u.), as well as
the magnetizing inductances (L,,, also in p.u.) and inertia constants (H, in seconds).

2.1.2.  Equivalent synchronous generator model

The representation of the share of synchronous generation units in the aggregated model was
achieved through a state-of-the art model of synchronous machine, available in the
MATLAB/Simulink® library. The mechanical system is represented by the swing equation,
whereas the electrical part is represented by a sixth-order state space model (dq reference
frame), taking into account the dynamics of the stator, field and damper windings. Available for

the equivalent model’s parametrization were the machine’s nominal power (S, in MVA),

synch’
its inertia constant (H, in seconds), the d-axis reactance (Xy), transient reactance (X;) and sub-
transient reactance (X;), the g-axis reactance (X, ), and sub-transient reactance (X;'), and finally
the leakage reactance (X;), all in pu. Also the dg-frame open-circuit, transient and sub-transient,
time constants were available for parametrization (Ty,, T, and Tge, in seconds). The field
voltage of the unit was controlled through the IEEE standard SEXS excitation model. The
synchronous units are assumed to operate under constant mechanical power for the duration of
the voltage transients under study.
2.1.3.  Equivalent converter model

As a result of the previously depicted conditions considered in this paper, and particularly
for the generation portfolio accounted for, the design of the equivalent converter model has
been performed in order to accommodate the FRT capability, in line with the most recent grid

codes’ requirements.



The consideration of converter-connected units in the grid led to the development of a
generic equivalent converter, focusing the modelling on the embedded control and the grid-
interconnection, while discarding the primary sources’ electro- or electro-mechanical
interactions. The model is based on a state-of-the-art representation, implemented in the dg
reference frame, enabling decoupled control over the active and reactive components of the
current. Also, and in line with the most recent grid codes’ requirements, the design of the
equivalent generation model has been performed in order to accommodate the FRT capability.
The block diagram presented in Figure 2 depicts its mathematical implementation, where it is
possible to observe the inner current control loops and the outer active and reactive power

settings definition.

Active and reactive
current limits k,, k;

Figure 2 - Equivalent converter model structure.

The inner current control acts separately on the active and reactive components of the
current (ig and i,) by means of a proportional and integral (PI) control and a feedforward
decoupling gain (k; = 0.2). The desired current (i3 and i) is computed according to the power

set-points (P.r and Qy¢5) as a function of the terminal voltage (V). In order to comply with the

unit maximum admissible current (i,,qy), the reference current components (i4™ and if}m) are

limited according to the rationale presented in the next subsection.

2.1.3.1.  Reactive current injection and FRT capability:
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The FRT connection requirement is achieved by assuring the generation unit remains
connected to the grid following voltage sags not exceeding a given voltage versus time
characteristic curve [3]. In terms of the computational model implementation, it was assumed
that converter-interfaced units are FRT-compliant with respect to a fault being cleared in 150
ms.

In addition to the ability of remaining connected during a voltage sag, it is also requested by
some system operators that generation units should be capable of providing support to the
grid’s voltage through reactive current injection as a function of the terminal voltage [16], as
depicted in Figure 3. In this case, while maintaining its maximum current (i,,,) within limits
(imax = 1), it 1S given priority to the reactive current increase, by decreasing the active
component, according to the following operation rationale:

If iabs < imax

IfV <V, (see Figure 3)

g™ = ig,i5 < imax )

4 = i — 12 @)

Else: (4™ = i,4, SINO AND if™ = i, cOS 6 (5)

Else: i™ = igssin@ AND if™ = igps cos 6 (6)

With iy = ’iﬁ +i2,and 6 = arctan (i—q>
d

The injection of reactive current, upon significant low voltage values in fault operation, is

achieved by applying the characteristic curve presented in Figure 3.

Iq

*

Imax dead-band

I:;db >

*
Amin

Vo i 12 Vs W Vs
Figure 3 - Voltage to reactive current injection characteristic curve.
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2.1.4.  Equivalent impedance

The integration of expected voltage drop effects along the distribution feeders was modelled
by a m-section line. It was considered one equivalent impedance per each component of the
model. The model receives an equivalent resistance, inductance and capacitance (R, L and C),
as well as its length. For the parameters’ estimation procedure, a typical line resistance per unit
of length was defined, together additional factor relating (in percentage) R and L was added
(RLyqtio)-

2.2. Methodological approach for parameters identification

Following the presentation and discussion of the proposed aggregated model structure for

the ADN, this section provides the description of the methodological approach for the model’s

parameters identification regarding the objective to be attained (Figure 4).

Equivalent
ADN Fully-detailed
Model Active Distribution
Network
Model

Figure 4 - Schematic for the detailed vs equivalent implemented approach.

Aiming to identify robust parametrizations for the aggregated model, the methodological
approach consists on simulating a set of voltage related disturbances on the detailed model of
the distribution grid (represented by different voltage sags in the HV bus bar in Figure 4) in
order to generate a set of data related to the active and reactive power responses in the HV/MV
boundary substation. Then, the same type of voltage disturbances are to be simulated over the
aggregated model aiming to best fit the responses obtained in the completed and aggregated

models throughout a proper parametrization of the aggregated one (aggregated model training
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phase). Afterwards, the model performance is tested with respect to another set of voltage
related disturbances not used within the training phase. Besides its representativeness facing
trained operational conditions, the model’s robustness for cases inter/extrapolation is of upmost
importance and is being addressed in this phase by considering the ability of the model to
properly response to a set of disturbances with the same set of identified parameters.

The problem formulation associated to the parameter identification in the aggregated
distribution grid model can be translated by the following equations, for a number of

disturbances under study (nrg;s;), at the it" disturbance (see Figure 4):

Min: €ppr(0) = €ppry(6) + EFFTé(Q) (7
With:
e-FFTP(H) = Z?rdist PeqFFT (91 l) - PdetFFT (l) (8)
GFFTQ (9) = Z?rdist QeqFFT (91 l) - QdetFFT(i) (9)
Where PeqFFT (6,0), Paet ppr (D, QeqFFT (0,1) and Qget ppp (1) are the single-sided amplitude

spectrums of the Fast Fourier Transforms (FFT) of the normalized signals of the measured
active and reactive power for the equivalent and the detailed models, respectively, at a given
iteration i and a given set of parameters 8 (for the equivalent case).

The FFT is an algorithm that transforms a time-domain signal into a frequency-domain
signal, decomposing the original signal into its frequency components — each with a given
magnitude and phase. The use of a Fourier transform improves the quantification of the
transient dynamics of the signals, enabling an improved assessment and consequent comparison
of the signals under study. The active and reactive power FFT errors (€gpr, (0), €ppr 0 (6))
compute the total frequency-domain error between the detailed and the aggregated model
responses, for a given solution (i.e., a set of parameters) — represented by the state-variables
vector (6) — for all the considered disturbances. Parallel computation was implemented,

allowing the allocation of several simulations to different cores.
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In order to achieve a good fitting between the response of the two models’ responses, the
Evolutionary Particle Swarm Optimization (EPSO) method was used to support parameter
identification for the aggregated model. EPSO can be seen as a population-based metaheuristic
that combines the best features of evolutionary computation and PSO (Particle Swarm
Optimization). As an evolutionary method, EPSO includes the standard operators typically found
in Genetic Algorithms or Evolutionary Programming. In addition, it contains an ingenious self-
adaptive scheme for mutating the strategic parameters (weights) used in the recombination
operator, which is borrowed from the PSO’s movement equation.

In EPSO, a new solution (X;) is obtained from the previous solution (X;_4), and the best
individual solution (Xj), the best solution found by the population (Xg;,), and the previous
velocity (V;_1), are computed according to

Vi =wi Vg + win(Xp — Xe—q) + W%C(ng — X¢-1) (10)

Xe=Xe 1+ Ve (11)

Where w represents the weights (the subscripts i, m, and ¢ stand for inertia, memory and

cooperation of the weights, respectively), C is diagonal matrix of Bernoulli random variables

with success probability P, and the superscript * indicates that the corresponding parameter

undergoes evolution under a mutation process, which is governed by the mutation rate z. Note

that optimal values for EPSO’s parameters can be found using statistical parameter tuning
methods [17]. Additional details on EPSO can be found in [18].

The state-variables vector (6) under identification is composed of 42 parameters (Table 1).
These proved to be efficient when adjusting the aggregated model’s dynamic transients, as it is
shown in the following section, while maintaining the computational time within acceptable

limits. The selection of the variables’ boundaries followed a trial-and-error approach.

Model Description Variable N(.)' of
variables
Load: SL initial active and reactive power margins (*) Pstinit margin® @SLinit margin 2
. ; SL exponents, for load nature definition n?,n4 2
Static Load (SL) . .
DL active power margin (*) Prargin 2

14



—_—

Dynamic Loads DL MI-vs-M2 ratio M1M2,4410

(DL) DL resistances and inductances Rg, Lig, Ry, Ly, L 10
DL inertia constant H 2

Eq. Gen. Total ~ Total installed power margin (*) Sngen margin 1
Synchronous over total power ratio SynchGen,qzio 1

Synchronous Inertia coefficient H 1
Generator Reactances Xa, Xg, Xg, Xq, Xg and X, 6
Time constants Tdos Tao and Tyo, 3

Power Initial active and reactive power set-point Pref) Qrer 2
Converter Maximum injected reactive current dmax 1
fmpedances Eguivalent impedances’ R/L ratio RLmti? per impedance 4
Lines lengths LineLength 4

* percentage of predefined nominal value

Table 1 — Parameters used in the aggregated model fitting.

3. TEST CASE AND RESULTS

A representative schematic of the fully-detailed 72 buses distribution network used for the
demonstration of the proposed methodology is presented in Figure 5. The network is operated
radially at the MV level (30kV) and considers a total sum of 6.725MVA of load power and
30MVA of installed power from the generation units. Loads are divided into static and dynamic
types, considering different parametrizations (as proposed in [13]) for improved diversity, and
have been spread randomly throughout the grid. The generation portfolio includes three
synchronous units (S; to S3) accounting for a sum of around 15MVA, and eleven converter-
connected units (C; to ;) representing also a total of around 15MVA, that were also randomly
connected to the grid. A IMVA BESS unit (B,) is operating at zero-power mode, only for the
provision of active and reactive power regulation in faulty operation. Generation units, loads
and lines (similarly to the equivalent impedance) are modelled according to what presented in
Section 2. The HV network equivalent, upstream to the substation, was modelled as a constant
voltage source at the 110kV level, with a 3-phase short-circuit level, at base voltage, of
500MVA, and a X/R ratio of 5. The test system was implemented using the simulation platform

of MATLAB®/Simulink®.
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Figure 5 - Fully-detailed distribution network structure.

To characterize the aggregated response of the distribution network and apply the proposed
method for aggregated derivation of a distribution grid model, several short-circuits conditions
were simulated from the transmission grid side, and the system’s dynamic response recorded, at
the point of equivalency — downstream to the HV/MV power substation. The faults were
considered to have a constant duration of ts. = 150ms, before being cleared back to the
previous conditions.

Besides the ability of representing a given response on its own, the aggregated model’s main
advantage is strongly related with the ability of extending its robustness and representativeness
upon a range of operational points and disturbances. In line with this rationale, the model was
initially trained for a set of short-circuit conditions, that led to voltage sags around 20%, 40%,
60% and 80% of the nominal voltage. The proposed aggregated model was afterwards tested

with the resultant set of parameters for another group of disturbances, leading to voltage
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decreases to around 30%, 50%, 70% and 90% of the nominal voltage, to assess its performance
when applied to untrained conditions. It is important to refer that the training process has
considered, as explained in Section 2, the combined error of all the four cases simultaneously.
To increase the diversity of the scenarios, the same methodology was applied for two different
operation conditions, considering the distribution network importing or exporting active power
to the upstream transmission network.

In order to quantify the level of adherence of the aggregated model to the detailed model, a
metric based on the normalized standard Euclidean norm of the error was used, expressed in

percentage, according the following:

accuracy = (1 - w) (%) (12)

lvaecll
Where vg4.: and v,, assume the time series responses either for voltage (Vger, Voq), active
(Paet Peq) and reactive power (Qget, Qeq) for the detailed and the equivalent models.
3.1. Results and outcomes

The results are organized in groups of three plots for each scenario, including the voltage (in
pu), active power (in MW) and reactive power (MVar) time series for the period under analysis,
for the detailed and the aggregated models, measured at the point of connection with the
transmission grid (see Figure 4 and Figure 5). The power flow is considered to be positive
when flowing downstream to the power substation, or being imported by the MV distribution
network.

In Figure 6 and Figure 7 are depicted the results for the training phase with the distribution

network being importing and exporting active power, respectively.
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active power (total combined average active and reactive power accuracy 82.18%).
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Figure 7 — Model training scenarios for 20%, 40%, 60% and 80% voltage sags, while the distribution network is exporting
active power (total combined average active and reactive power accuracy 85.07%).

At this stage, both cases considered 4 voltage-related transient events with different residual
voltage magnitudes (20%, 40%, 60% and 80%). These are organized vertically in the figures,
and decrease their severity from the left to the right-hand side plots. As expected, voltage
responses are very much similar, indicating the testing conditions between detailed and
aggregated model are comparable. In both import and export cases, the aggregated model

reveals very good fitting when following the fully-detailed model responses. According to the
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previously presented metric, both cases reveal a high global adherence to the detailed model,
with a total combined average of active and reactive power accuracy of 82.18% and 85,07% for
the import and export cases, respectively. Active and reactive power responses are able to
capture most of the dynamics of the system, considering the immediate response upon the fault
and the resultant oscillations, as well as after the fault clearance. Reactive power response
presents a higher level of accuracy in both cases, meaning that the estimation process gave
priority to the fitting of this component. This is an expected behavior of the model, since at the
MYV level, with high X/R ratio in the network, voltage is mostly dependent on reactive power
flow.

Following the performance evaluation for the aggregated model within the training process,
the obtained parametrization of each import/export case was afterwards tested for a set of
untrained disturbances, considering the scenarios where voltage drops to 30, 50, 70 and 90% of
the nominal value. Figure 8 and Figure 9 illustrate the time series for the voltage, active and

reactive responses for these scenarios.
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Figure 8 — Model testing scenarios for 30%, 50%, 70% and 90% voltage sags, while the distribution network is importing
active power (total combined average active and reactive power accuracy 83.34%).
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Figure 9 — Model testing scenarios for 30%, 50%, 70% and 90% voltage sags, while the distribution network is exporting
active power (total combined average active and reactive power accuracy 85.38%).

The aggregated model seems to be able to satisfactorily follow the same response of the
detailed model for both cases, presenting a total combined average of active and reactive power
accuracy of 83.34% and 85,38%. The level of adherence of the aggregated model for these
untrained conditions is very high, being comparable to the previous trained results. Especially
when considering that only one set of parameters is being used for the testing and training
phases (per import/export case), the aggregated model response is considered to be very much
satisfactory, thus evidencing the robustness of the set of parameters that were identified for the
defined case study in face of a relevant set of voltage-related disturbances. The degree of
similarity indicates that the model is able to adapt for a wide range of fault severities, and is
able to interpolate between them, even for untrained conditions.

4. CONCLUSIONS AND FUTURE WORK

The work presented in this paper proposes and discusses an approach for the development of
an aggregated dynamic model for active distribution grids with a heterogeneous fleet of
generation resources as well as static and dynamic loads. The generation fleet is composed by a
set of synchronous-based generation units as well as FRT-compliant converter-interfaced
systems (including the dynamic reactive current injection capability as a function of the voltage

sag at the connection point). The proposed aggregated model was compared to a fully-detailed
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model for transient voltage-related phenomena occurring in the upstream transmission grid.
Throughout a relevant number of case studies, the proposed approach, including the
composition/structure of the aggregated model and a single set of parameters covering trained
and untrained scenarios, demonstrated to be very effective and robust with respect to the
magnitude of the voltage-related transients, revealing high levels of adherence to the detailed
model’s active and reactive power responses.

Within the scope and relevance of ADN transient and dynamic response characterization,
next steps for future work include the extension of the size and complexity of the cases under
study, including not only medium voltage radial networks, but also high voltage, meshed
networks, since in some countries it belongs also to the domain of distribution system
operators. Revisiting the structure of the equivalent model and comparing of the proposed
optimization method with others available in the literature is also intended to be included in
future development. Moreover, the non-linear nature resulting from the risk of tripping of the
non- fault ride-through compliant generation units following a voltage sag, needs to be
addressed. Also, it is of high relevance to account for a wider range of distribution grid
operational scenarios, and extract relevant information aiming to establish comprehensive
relations regarding the potential impact on the equivalent model parametrization.

The availability and need of this type of models is becoming of fundamental importance
given the highly distributed nature of the future power system generation portfolio, as well as
the expected role each generation asset will play in face of the increasing connection
requirements that are being demanded. Such modelling approach is of utmost importance for
further supporting the interoperability between the transmission and distribution system

operators.
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APPENDIX
In this section it is included supplementary information on the network characterization,
including detailed data of generation units and loads for the detailed case, as well as the resultant
parametrization of the equivalent model for the presented test cases, in Section 3. For further
information, a detailed characterization of the distribution network used in the same section can be
found in [19].
The following tables depict further details on the generation units connected to the distribution

network under reduction.

Name Type Poljv‘::linMaiV) Initial Active Power (pu) Initial Reactive Power (pu)
Gl -G10 IBG 1 Random between 0.4 and 0.6 | Random between 0.05 and 0.15
Gl1 IBG 5 0.5 0.1
B1 BESS 1 0 0

Table 2 — Converted-connected generation and storage characteristics summary (IGB — Inverter-based generation; BESS — Battery
Energy Storage System).

Max. reactive De‘ad-band Mlnlmum Voltage steps (V)
current, Igmax | reactive current, | reactive current,
(pv) Iqa» (pu) Iqmin (pu) V0 \4! V2 V3 V4 V5
1 0 -1 0 0,05 0,95 1,25 1,95 2
Table 3 — Voltage-to-reactive-current characteristic of the converter-connected units, under fault ride through operation (Figure 3).
Nominal Stator Inertia
omina Reactances (pu) Time constants (s) | Resistance | Constant
Name | Power
oW (pu) (s)
Xa | Xd Xd" Xq | X" | Xi | Tao' | Ta" | Tq" Rs H
S1 10,625 | 1,68 | 0,23 | 0,17 | 0,85 | 0,35 | 0,12 6 0,06 | 0,08 ~0,003 1,5
S2 2 2,3 1043|0215 | 1,32 | 0,15 | 0,12 | 5,8 | 0,025 | 0,05 ~0,004 1,714
S3 2 2,3 1043|0215 1,32 | 0,15 | 0,12 | 5,8 | 0,025 | 0,05 ~0,004 1,714

Table 4 — Synchronous generators’ electrical characteristics.

Loads modelling has considered a static and a dynamic part. The following tables present the
different sets of parameters regarding each part, randomly assigned to every load considered in the

detailed network case.

Type Power Factor np Ng
1 1 1,95 0
2 1 2 0
3 0,9 1 3

Table 5 — Types and the corresponding parameters used for the static part of the loads.
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Stator resistance Magnetizing . .
Rator resistance Inertia
Type and r(epauc)tance Rezzlc)tua)nce and reactance (pu) | constant (s)
Rs Lls Lm Rr Lir H

1 0,031 0,1 3,2 0,018 0,18 0,7

2 0,013 0,067 3,8 0,009 0,17 L5

3 0,053 0,083 1,9 0,036 0,068 0,28

4 0,013 0,067 3,8 0,009 0,17 1,5

Table 6 — Types and the corresponding parameters used for the dynamic part of the loads.
Load No. | Installed Capacity (kW) St?st;z Ifgt?i tsy)pe Dy“(:z‘:%l‘b"l:%)type

1 50 1 1
2 50 2 2
3 100 1 3
4 100 2 4
5 100 3 3
6 100 3 1
7 50 1 2
8 100 3 3
9 1200 2 4
10 100 1 2
11 630 1 1
12 25 2 2
13 160 3 3
14 100 2 4
15 160 1 1
16 160 3 2
17 50 3 3
18 100 2 4
19 250 1 3
20 50 2 1
21 100 2 2
22 50 1 3
23 100 2 4
24 100 1 1
25 1335 3 2
26 100 1 3
27 630 1 1
28 100 3 4
29 100 2 4
30 25 2 2
31 250 2 3
32 100 3 |
33 100 1 2

Table 7 — Loads characterization per type.

Additionally, a ratio between static and dynamic parts was also assigned randomly to each of

the loads. The total installed capacity reflects the sum of these two parts.
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Moreover, and in order to ensure the test cases replicability, the parametrization of the

equivalent model for both the import and export cases is following depicted.

Parameters Values

Model Description Variable - Unit
. Identified
Min Value Max
SL initial active and reactive P it margin 0,9 1,082 1,1 n/a
Static Load power margins (*) QSLinit margin 0,9 0,909 1,1 n/a
(SL) SL exponents, for load nature nP 0,1 0,787 2,1 n/a
definition nt 0 1,873 3,1 n/a
DL1 active power margin (*) M margin 0,9 1,077 L1 n/a
DL M1-vs-M2 ratio M1/M2,4ti0 0,4 0,571 0,6 n/a
R1, 0,029 0,031 0,032 | p.u.
) L1, 0,09 0,107 0,11 p-u.
DLli;Zilzggz: and L1, 31 | 3206 | 33 | pu
R1, 0,015 0,018 0,02 | p.u.
. L1, ' 0,01 0,182 0,2 p-u.
nggclilsaggi) DL1 inertia constant Hyq 0,6 0,733 0,8 S
DL2 active power margin (*) Pr2 argin 0,9 1,064 L1 s
R2, 0,029 0,031 0,032 | p.u.
DL2 resistances and L2, 0.09 0,091 0.1l | pu.
inductances L2, 3,1 3,267 33 p.u.
R2. 0,015 0,016 0,02 | p.u.
L2, 0,01 0,042 0,2 p-u.
DL2 inertia constant Hy, 0,6 0,795 0,8 S
E%O%in. Total 1nstallezi*1)30wer margin hgen margin 0.8 0.860 12 n/a
Syn"h;grvl‘i‘frggzr total SynchGen,giiy | 0,01 | 0375 | 099 | wa
Xy 1,176 1,480 2,184 | p.u.
X} 0,161 0,199 0,299 | p.u.
Reactances X} 0,119 0,145 0,221 | p.u.
Synchronous Xy 0,595 0,874 1,105 | p.u.
Generator Xq 0,245 0,318 0,455 | p.u
X, 0,084 0,120 0,156 | p.u.
Ty 4,2 7,199 7,8 s
Time constants T, 0,042 0,077 0,078 s
Tyo 0,056 0,089 0,104 s
Inertia coefficient H 1,3 1,680 3 S
Initial active and reactive Pres 0,1 0,281 1,1 p.u.
Power power set-point Qref 0,01 0,089 0,9 p-u.
Converter Maximum injected reactive I; 0.7 1,164 25 .
current max
SYNCRL, 410 0,3 0,463 0,8 n/a
Equivalent impedances’ R/L LT, 0,3 0,462 0,8 n/a
ratio loadg; . .. 0,3 0,377 0,8 n/a
Impedances ratio
storagegy ... 0,3 0,486 0,8 n/a
. SYNClineLength 0,8 0,840 1,2 m
Lines lengths CONVpineLength 0,8 0,856 1,2 m
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loadLineLength

0,8

1,164

1,2

m

StorageLineLeng th

0,8

0,888

1,2

m

Table 8 — Equivalent model’s identified parameters for the case presented in Figure 6 and Figure 8, while the active distribution
network is importing active power.

Parameters Values

Model Description Variable - Unit
. Identified
Min Max
Value
SL initial active and reactive Pst i margin 0,9 0,900 1,1 n/a
Static Load power margins (*) QSLinit margin 0,9 1,043 1,1 n/a
(SL) SL exponents, for load nature nP 0,1 2,095 2,1 n/a
definition nf 0 3,099 3,1 n/a
DL1 active power margin (*) M nargin 0,9 1,094 1,1 n/a
DL M1-vs-M?2 ratio M1/M2,4ti0 0,4 0,578 0,6 n/a
R1, 0,029 0,030 0,032 p.u.
DL resistances and L 0,09 0,109 0.11 P4
inductances L1, 3,1 3,265 3,3 p.u.
R1;, 0,015 0,015 0,02 p.u.
Dynamic _ L1, 0,01 0,176 0,2 p.u.
Loads (DL) DLl. inertia constan.t Hyy 0,6 0,800 0,8 S
DL2 active power margin (*) "2margin 0,9 0,964 1,1 S
R2, 0,029 0,032 0,032 p.u.
DL2 resistances and L2, 0,09 0,091 011 P-4
inductances L2, 3,1 3,264 33 p.u.
R2;, 0,015 0,016 0,02 p.u.
Lz, 0,01 0,050 0,2 p.u.
DL2 inertia constant Hys, 0,6 0,694 0,8 S
Eq. Gen. Total installed power margin
Total *) ngen margin 0,8 0,861 12 n/a
Synchronousr;)t\i/zr total power SynchGen, g, 001 0564 0.99 /a
X4 1,176 1,604 2,184 p-u.
X} 0,161 0,297 0,299 p.u.
R XJ 0,119 0,221 0,221 p.u.
Synchronous cactances Xy 0,595 0,752 1,105 | pu.
Generator Xq 0,245 0,454 0,455 | p.u.
X, 0,084 0,112 0,156 p.u.
i 42 4,499 7.8 s
Time constants T 0,042 0,076 0,078 s
Tgo 0,056 | 0,080 | 0,104 s
Inertia coefficient H 1,3 1,301 3 S
Initial active and reactive Prer 0,1 0,813 1,1 p.u
Power power set-point Qref 0,01 0,053 0,9 p.u.
Converter Maximum injected reactive I
current dmax 0,7 0,784 25 | P
SYNCRL, 40 0,3 0,562 0,8 n/a
Equivalent impedances’ R/L CONVRL, vio 0,3 0,546 0,8 n/a
ratio loadp; . 0.3 0,513 0,8 n/a
Impedances ratio 2 2 2
storagerr, .., 0,3 0,398 0,8 n/a
Lines lengths SYNCLineLength 0.8 0,802 1,2 m
CONVyineLength 0,8 0,853 1,2 m
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loadLineLength

0,8

1,083

12

m

StorageLineLength

0,8

0,989

12

m

Table 9 — Equivalent model’s identified parameters for the case presented in Figure 7 and Figure 9, while the active distribution

network is exporting active power.
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