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Abstract: The operation of isolated power systems with 100% converter-based generation requires
the integration of battery energy storage systems (BESS) using grid-forming-type power converters.
Under these operating conditions, load dynamics influences the network frequency and voltage
following large voltage disturbances. In this sense, the inclusion of induction motor (IM) load models
is required to be properly considered in BESS power converter sizing. Thus, this paper presents an
extensive sensitivity analysis, demonstrating how load modeling affects the BESS power converter
capacity when adopting conventional control strategies while aiming to assure the successful recovery
of all IM loads following a network fault. Furthermore, this work highlights that generators with
converter interfaces can actively contribute to mitigate the negative impacts resulting from IM loads
following a network fault. Thereby, two distinct control strategies are proposed to be integrated
in the power electronic interfaces of the available converter-based generators: one to be adopted
in grid-following converters and another one suitable for grid-forming converters. The proposed
control strategies provide an important contribution to consolidating insular grid codes, aiming to
achieve operational scenarios accommodating 100% penetration of converter-based generation with
a significative percentage of the IM load composition without resorting to a significative increase in
BESS power converter sizing.

Keywords: grid-forming converter; grid-following converter; induction motor; isolated power
systems; load modeling; virtual synchronous machine

1. Introduction

Battery energy storage systems (BESS) are being installed in geographical islands with
large shares of converter-interfaced renewable energy sources (CI-RES) in order to provide
fast power–frequency regulation reserve. This solution contributes for mitigating the
displacement of the traditional thermal-based generation units in face of CI-RES increase,
as this trend significantly reduces synchronous inertia and degrades power–frequency
control capabilities [1,2]. Currently, the power converter interfaces used in CI-RES and
BESS are typically controlled as grid-following units, thus requiring to be installed in
systems where other elements operated as voltage sources assure the definition of the
voltage and frequency waveform [3]. Thus, in order to achieve operating scenarios with
up to 100% RES integration, the existence of power converters with grid-forming control
capabilities is mandatory. The operation of this type of converter requires an energy
buffer—typically a BESS—coupled to it [4]. Recently, several works have been carried
out with respect to grid-forming operation modes of power converters. The concept of
the virtual synchronous machine (VSM) is a widely recognized approach which aims to
emulate in a power converter the inherent operational characteristics of a synchronous
machine (SM) [5–8].

In power system stability analysis, the focus is traditionally associated with power-
generating unit modeling, while load models are relegated to a second plan despite recog-

Appl. Sci. 2021, 11, 2341. https://doi.org/10.3390/app11052341 https://www.mdpi.com/journal/applsci

https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-8520-9281
https://orcid.org/0000-0001-9108-4921
https://orcid.org/0000-0001-7638-1522
https://doi.org/10.3390/app11052341
https://doi.org/10.3390/app11052341
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11052341
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/11/5/2341?type=check_update&version=1


Appl. Sci. 2021, 11, 2341 2 of 29

nizing their influence on network stability [9]. This becomes even more relevant when the
generation system is also being tremendously modified and converter-based units become
the dominant sources. In fact, different load models could lead to different system stability
assessment conclusions, which might affect the network planning and operation [10]. This
was emphasized in [10], where the authors stressed the importance of including induction
motor (IM) load models in simulation platforms in order to best fit numerical simulation
results to event recordings in large interconnected systems. The obtained results led to the
conclusion that a level of 20% to 30% of IM loads is required to be considered to best fit
simulation studies to the recorded events.

The emergence of power electronic interfaced loads is increasing the interest in load
modeling and parametrization. Within the scope of a CIGRE working group [9], the
authors presented the results of a survey addressing load modeling practices in more
than 160 utilities and system operators. It was concluded that, while for steady state
studies there is a dominant load model type used by the inquired utilities, for the case of
dynamic power system studies, no clear trend regarding the adopted models was able to
be clearly identified.

A load model stablishes the mathematical representation of the relationship between
its active and reactive power response with respect to time and/or grid quantities (in
particular, frequency and voltage). The load models can be generally divided into two
main categories: static and dynamic. Static load models express their active and reactive
powers in any instant of time as functions of the bus voltage and frequency, with ZIP
and exponential models being typical implementations associated to this category. The
dynamic load models express the time dependence of active and reactive powers, being
generally represented by IM load or exponential recovery load models [11]. There are
two distinct approaches for identifying the load model parameters: measurement-based
and component-based. The component-based method consists of the knowledge of physi-
cal behaviors of loads. However, such information is not always possible to obtain. On
the other side, the measurement-based method consists in collecting a measurement’s
dataset which is used to identify the load model parameters that best suit the measurement
data [11]. More recently, distinct load modeling strategies have been proposed in the litera-
ture. Composite load models consist in a combination of static and dynamic load models,
and some authors state that these models could provide more accurate responses [11,12].
An alternative method to modeling nonlinear loads consists in taking advantage of ar-
tificial neural networks for load representations under a black-box modeling approach.
This method perceives the system behavior without the need for a physical model to
calculate the output [11,13]. With the wide development of the smart grid concept, the
need for developing load models with the ability of incorporating the changes in power
consumption in response to the customer behavior also emerged. Therefore, some au-
thors proposed load models which incorporate the impact of demand side management.
Such models are designed based on their physical characteristics and can be controlled to
reflect the desired demand response strategy [11,14]. In recent years, due to large-scale
integration of distributed generation in distribution grids, some authors focused on devel-
oping aggregated models of active distribution networks in the face of the transmission
grid exploiting “black-box” and “gray-box” approaches. In “black-box” modeling, the
physical structure of the equivalent model is not considered, contrarily to the “gray-box”
approach [11,15]. In [15], the authors proposed a “gray-box” aggregated dynamic model
for active distribution networks, which is composed of an equivalent power converter, an
equivalent synchronous generation unit and an equivalent load model. The aim of the
proposed model is to represent the transient behavior of the distribution network following
large voltage disturbances.

Recent works available in the literature addressing the impacts of load modeling lie
within the scope of microgrids (MG) [16–20]. The relevance of proper load modeling in MG
dynamics following events such as switching operations, loss of generating units and the
starting of IM is discussed in [16]. In [17] the authors investigated the influence of IM in the
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stability of an islanded MG dominated by converter-based generation, in contrast to a case
where the load is represented by static models. The authors conclude that the inclusion of
IM in load modeling is of major importance to assess the network oscillatory behavior and
the load margin with adequate accuracy. A similar study was performed in [18], where the
stability of an islanded MG with both static and dynamic load models was analyzed. It
was concluded that the interaction between the two types of loads may lead to unstable
conditions. In [19], the stability of medium-voltage megawatt scale MG with IM loads
was studied, and they operated with 100% converter-interfaced generation. In order to
eliminate the oscillatory behavior induced by the IM loads, a damping control loop was
proposed to be added to the well-known droop-controlled MG. Regarding the dynamic
stability, an analysis was performed in [20] aiming to evaluate the load composition and
parametrization effect, considering both static and dynamic loads. The case study consisted
in a medium-voltage MG, where a fault followed by an unpredicted islanding event was
considered (a slight voltage drop of 0.2 p.u. was simulated). In such conditions, the authors
concluded that increasing the share of IM loads has a beneficial effect due to their inertia,
thus contributing to improving the frequency behavior in the moments subsequent to the
islanding. A methodology for the real-time identification of the exponential dynamic load
model parameters based in real data measurement was proposed in [21]. The proposed
real-time estimation of exponential load parameters is preferred in comparison with the
aggregate load model (augmented with IM loads) as the number of parameters to be
identified precludes real-time application.

The transient response of individual loads can directly impact the frequency and
voltage stability of systems with low or non-inexistent synchronous inertia. The occurrence
of short circuits in networks operating with a high percentage of constant torque IM could
lead to a delayed voltage recovery due to the IM stalling. In such cases, the stalled IM will
draw a large amount of reactive power from the network (five to six times its steady-state
reactive power regime), precluding successful voltage recovery [22]. The specific effects
resulting from the load dynamic behavior in the network transient stability must be taken
into account. Nonetheless, the works presented in [16–21] do not address the relevance of
this specific issue, particularly in converter-dominated systems where grid-forming-type
converters have a major role.

In this paper, the operation of an isolated power system with 100% converter-based
renewable generation is addressed, where a BESS connected to the grid with a grid-forming-
type power converter is responsible for providing voltage and frequency regulation capabil-
ities. Regarding the load modeling, exponential and IM load model types are considered as
representative of the main loads’ dynamics, in line with recent works such as [11] and [20],
while also evidencing scenarios where IM-type loads still have a high relevance in global
load composition. BESS power converter sizing usually neglects loads dynamics [23,24].
However, it is demonstrated that different factors associated with dynamic load modeling
largely affect the need for oversizing its power capacity when conventional control solu-
tions are adopted in these units. This is of high relevance in order to assure the successful
recovery of all of the IM load following a network fault, since it is recognized as the most
severe frequency stability contingency in converter-dominated and isolated systems [25].
On the other hand, voltage-sensitive (active and reactive) current injection during faults has
been pointed out as a fundamental requirement in isolated systems with high penetration
of CI-RES [26]. In this work it is shown that such requirements are not suitable for specific
network operating scenarios with high shares of IM loads.

Emerging from the identified gaps in the literature survey, two novel control strategies
are proposed to be integrated in the power electronic interfaces of the available converter-
based generators in order to support the successful recovery of IM loads following a
network fault. The first approach consists of implementing an appropriate voltage/reactive
current control strategy at the CI-RES (operating as grid-following units) during faults.
The second approach consists of a dynamic modulation strategy for the reference voltage
of the grid-forming unit during the post-fault recovery period. Both strategies intend to
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increase the electromagnetic torque of the IM loads during the post-fault period and hence
contribute to its reacceleration. Finally, it is shown that the coordinated implementation of
these two control solutions is beneficial in operating scenarios with very large shares of
IM loads. It is worth noting that the positive relevance of the contribution of this work is
naturally more notable as far as the share of IM load increase. In cases with a low share of
IM loads, the need for the proposed solution is less relevant but still does not jeopardize
system dynamics.

2. Isolated Power System Modeling
2.1. Grid-Forming Operation of Power Converters

In this work, the VSM-type control approach for BESS power converter interfaces was
adopted since it has been recognized as an effective solution for providing virtual inertia
and damping to the power system [5–7]. A simplified modeling approach was adopted
for the VSM operating in the grid-forming mode, which recalls the principles of the swing
equation with damping and inertia [5]. A general overview of the implemented dynamic
model is presented in Figure 1, including the main control blocks that are described in the
next subsections being also identified.
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Figure 1. Schematic view of the battery energy storage system (BESS) converter control.

2.1.1. Virtual Synchronous Machine Control

VSM control (represented by the “VSM Control” block depicted in Figure 1) corre-
sponds to a control feature that intends to emulate the main dynamics of a SM, which is
represented in a simplified manner by the swing equation. Therefore, the grid-forming
voltage angle/angular frequency is synthetized based on the virtual SM swing equation.
Assuming that the angular frequency can be approximated to its nominal value, the corre-
sponding mathematical formulation (in per unit) for the swing equation is given by

2H.
d∆ω(t)

dt
= Pm(t)− Pe(t)− D∆ω(t) (1)

where ω is the angular velocity of the virtual rotor, H corresponds to the inertia constant,
D is the damping coefficient and Pm and Pe are the mechanical and electric output powers,
respectively. A block diagram illustrating VSM control is presented in Figure 2, where
P corresponds to the active power measured at the converter point of common coupling
(equivalent to Pe), Pre f corresponds to the active power reference setpoint and PFR corre-
sponds to the active power modulation given by the virtual frequency governor (described
in Section 2.1.2). Note that Pm is equivalent to the sum of Pre f and PFR. ω and θ are
the outputs of the controller and correspond to the angular frequency and phase angle
synthetized by the converter control mechanism, i.e., the frequency and phase calculated
by the VSM control loop, where ωre f is the reference value of the virtual angular frequency.
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2.1.2. Virtual Speed Governor

The virtual speed governor (represented by the “Virtual Governor” block in Figure 1)
corresponds to a control feature emulating the frequency regulation provided by the load
frequency control mechanism existing in the SM, namely, the primary frequency control,
as follows:

PFR =
1
R

(
ωre f −ω

)
(2)

where PFR corresponds to the active power modulation term as a function of the virtual
angular velocity error and R is the droop gain.

2.1.3. Reactive Power–Voltage Control

Reactive power–voltage control (represented by the “Q–V Control” block depicted in
Figure 1) is responsible for defining the converter voltage magnitude as a function of the
reactive power—Figure 3. Thus, Qre f and Q are the reference and the measured reactive
power values, respectively, TdQ is the control loop time constant, kQ is the reactive power–
voltage droop control gain and vre f and v are the voltage reference and the amplitude of
the output voltage to be synthetized by the converter interface.
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2.1.4. Transient Virtual Impedance

Converter interfaces typically do not have a large overcurrent capability, contrarily
to conventional SM, which are able to provide large short-circuit currents [27,28]. With
respect to converter interfaces operating in the grid-forming mode, current control during
voltage sags is a challenging task as the current is only limited by the impedance seen at the
converter terminals. In order to properly control the grid-forming converter output current
during grid faults, an adequate current-limiting strategy is required. For this purpose,
transient virtual impedance (TVI) was adopted, consisting in a virtual impedance at the
output of the converter that is modulated as a function of the output current, aiming to
achieve appropriated current limitation during grid faults [28,29]. Therefore, in case of
an overcurrent, a virtual voltage drop effect will be included in the calculated voltage
reference, which will represent the voltage across the virtual impedance, as follows:

v∗ = v− ∆vTVI (3)

where v is the converter voltage reference, v∗ is the compensated voltage amplitude to be
synthetized by the converter interface and ∆vTVI represents the voltage drop across the
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virtual impedance, which is zero when the current magnitude is lower than a predefined
threshold value, being given by:

∆vTVI = i× (RVI + jXVI) (4)

where i corresponds to the converter output current, and RVI and XVI correspond to
the virtual resistance and reactance, respectively. In order to achieve a smooth transition
between states, i.e., between the normal and the current-limiting control mode, as soon as
the current amplitude exceeds the predefined threshold value (ith), which is considered
to be equal to the nominal current of the converter interface, the virtual impedance will
present a linear increase depending on the current magnitude value. This is presented
in Figure 4, where the impedance reaches the maximum value (Zmax) at the maximum
admissible current magnitude (Imax).
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2.2. Modeling of CI-RES Generation

With respect to CI-RES modeling, a simplified grid-following model proposed in [30]
was adopted both for wind and PV generators, which is based on a first-order transfer
function approximation of the real dynamic response as well as the converter current limits.
The model is endowed with fault ride through (FRT) capability, as shown in Figure 5.
During normal operation conditions, P0 and Q0 correspond to the active and reactive
power setpoints (a unitary power factor was assumed). However, for voltage dips lower
than Vth, the CI-RES generators will adjust their output power according to the active
(IFRT

p ) and reactive (IFRT
q ) current requirements usually defined in grid codes. In this case,

IFRT
q is calculated proportionally to the terminal voltage deviation (a voltage dead-band of

0.15 p.u. was considered, with the IFRT
q current setpoint being set to 1 when the terminal

voltage reaches 0.5 p.u.). Complementarily, the active current is given by:

IFRT
p =

√
Imax2 − IFRT

q
2 (5)

where Imax corresponds to the CI-RES nominal current. The CI-RES output power is
bounded to its maximum (Pmax) and minimum (Pmin) limits.
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2.3. Load Modeling

In this work, it was considered that the isolated power system was constituted with
two main load groups: static and dynamic load models, as described in the next subsections.

2.3.1. Static Load Models

Within the static load representation, two modeling options were considered: the
constant impedance and the exponential model. In both approaches, there is a voltage
dependency of the load characteristics. Regarding the constant impedance load model, the
active (P) and reactive (Q) power consumptions are expressed by (6) and (7), respectively,
where Pre f and Qre f correspond to the nominal active and reactive power consumptions,
while V and Vre f are the terminal and nominal load voltages. On the other hand, in the
exponential load model, active and reactive power consumptions are expressed by (8) and
(9), where np and nq are the exponential load model coefficients for the active and reactive
power consumptions, which define the power consumption variation as a function of the
load terminal voltage.

P = Pre f

(
V

Vre f

)2

(6)

Q = Qre f

(
V

Vre f

)2

(7)

P = Pre f

(
V

Vre f

)np

(8)

Q = Qre f

(
V

Vre f

)nq

. (9)

2.3.2. Dynamic Load Model

The dynamic loads were represented by the IM model, since it is the most common
approach used in the literature [9]. The stator windings of an IM operate similarly to those
of an SM, producing a magnetic field rotating at a synchronous speed. Its distinctive feature
is that the rotor crents are obtained by an electromagnetic induction from the stator. In
order to develop a positive torque, the rotor speed must be less than the synchronous speed:

ωr = ωs(1− s) (10)

where ωr is the rotor angular velocity, ωs is the stator field angular velocity and s is the
slip speed of the rotor. The IM equation of motion in per unit is expressed by (11), where
H is the motor inertia constant, while Tm and PTe are the mechanical and electromagnetic
torques, respectively. In this work, the implemented IM model was the one available in the
MATLAB/Simulink® library, whose electrical part was represented by the fourth-order
state space model, while the mechanical part was represented by a second-order model,
with the rotor angle equation being expressed by (12), where θr is the electrical rotor
angle position.

dωr

dt
=

1
2H

(Te − Tm) (11)

dθr

dt
= ωr (12)

It is considered that the IM operates with constant torque at around 90% of its rated
value. In addition, it was considered that each IM load is composed of three different
classes: refrigerators, and small and large industrial motors (the parametrization of each
IM load class is expressed in Table A1 [31]).
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3. Case Study

The power system of a medium-size island is considered in this paper, as shown in
Figure 6, comprising a transmission infrastructure operated at 30 kV. This case study is
based on a real isolated power system from a medium-size geographical island located
in the European Atlantic Ocean, which was also used in previous works [30]. The data
of this study case can be obtained upon request. The generation system integrates a
9 MW solar power plant (SPP) and two wind farms (WF) with a nominal power capacity
of 9 (WF1) and 5.5 MW (WF2), respectively. Since the purpose of this work is to study
operational scenarios with 100% converter-based generation, no thermal power plant was
considered. Consequently, the local system operator assumes the integration of a BESS,
whose power converter is operated as a grid-forming unit, to provide grid regulation
services (for voltage and frequency). The BESS must have a power capacity which assures
the system stability following large voltage disturbances (energy capacity sizing is out of
the scope of this paper).
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Figure 6. Single-line diagram of the studied isolated power system.

The considered network operational scenario is presented in Table 1, where CB repre-
sents capacitor banks. The admissible frequency for the system is within the range of 48.5
to 53 Hz. For frequency values below 48.5 Hz, load shedding protection takes place.

Table 1. Studied operational scenario.

Operational Scenario

WF1 7 MW 0 MVAR
WF2 5 MW 0 MVAR
SPP 8 MW 0 MVAR

BESS 0 MW 1.3 MVAR
CB 0 MW 8.7 MVAR

Load 20 MW 10 MVAR

A 100 ms three-phase symmetrical short circuit occurring at t = 0 s of the simulation
time in the transmission line interconnecting buses B7 and B8 (see Figure 6) is considered,
leading to the disconnection of the line after the fault clearance. In this paper, it is intended
to further develop the work presented in [32], which led to the definition of a 12 MVA
BESS, due to the need for assuring N-1 generation unit tripping for the presented network
operational scenarios. Based on this assumption, it is considered that the initial BESS sizing
should be of at least 12 MVA. The criterion followed to define the BESS power sizing is
based on the assumption that all the network elements must recover to their pre-fault state
after the fault clearance.

The default grid-forming control parameters are provided in Table A2 (in Appendix A),
with a maximum admissible value of the grid-forming converter interface current of 2 p.u.
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having been assumed, in line with some of the currently available commercial solutions [4].
Since there are no SMs operating the network, it is considered that the network frequency
corresponds to the frequency synthetized by the grid-forming BESS.

4. Load Modeling Influence on Grid Dynamics

This section presents an analysis regarding the influence of the adopted load modeling
on the isolated power system dynamic performance following a reference disturbance
consisting of a 100 ms three-phase fault. Therefore, an extensive sensitivity analysis is
presented, demonstrating how different load models, compositions and parametrizations
affect the BESS power converter sizing.

4.1. Static Load Modeling—Sensitivity Analysis

This section presents a sensitivity analysis with respect to the grid dynamics con-
sidering static load modeling. Thus, two distinct load models were analyzed: constant
impedance and exponential load models. The results of the corresponding analysis are
presented in Figures 7 and 8. In both figures, the network frequency behavior for the
cases where all the network loads are represented by constant impedance load models
(Zconst) and exponential load models (Exp) is compared. However, in Figure 7, a sensi-
tivity analysis is presented regarding the exponential model active power consumption
coefficient (nq value was fixed to 1), while in Figure 8, the same analysis was performed for
the reactive power consumption coefficient (np value was fixed to 1). From the obtained
results, it can be concluded that the variation in the exponential load model coefficients
has a limited impact on the network dynamic behavior. Moreover, all the considered test
cases present a smooth frequency recovery, returning to its nominal value approximately
1 s after the fault clearance.
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4.2. Static and Dynamic Load Modeling—Sensitivity Analysis

In this section, it is intended to assess the impact of dynamic loads on the BESS power
converter sizing. Thus, it was considered that the network load was modeled with both
static and dynamic models (presented in Section 2.3). It was also considered that the IM
load power consumption was evenly distributed among three different IM load types
(33.3% share for each type). The following subsections present the results of an extensive
sensitivity analysis regarding the IM load percentage, parametrization and composition, as
well as the fault duration.

4.2.1. Base Case

The network load distribution of the base case scenario can be observed in Table 2,
where it is considered that the IM loads account for 26.5% of the total system load. Regard-
ing the loads modeled by the exponential model, the value of its power coefficients was
considered equal to 1.

Table 2. Static and dynamic load distribution.

Load Modeling

Load Active Power (MW) Load Model

L1 5.4 Exponential
L2 7.3 Constant Impedance
L3 3.1 Induction Motor
L4 2 Exponential
L5 2.2 Induction Motor

Taking into account the load distribution presented in Table 2, it is intended to deter-
mine the minimum required BESS power converter capacity that ensures the post-fault
recovery of all IM loads. As can be observed in Figure 9, for a BESS power converter sizing
lower than 38 MVA, the small industrial motor connected to L3 stalls following the fault
clearance. This is due to the large reactive power consumption required by the IM after
the network fault clearance, which demands a large reactive power from the BESS power
converter for about 2–3 s after the voltage recovery, as it can be observed in Figure 10.
Furthermore, in Figure 11, the network frequency and voltage measured at bus B1 are
depicted, with the large voltage oscillations for the 37 MVA BESS power converter case
being notable, which is a consequence of the L3 small industrial motor stall. In both cases, a
similar network frequency drop induced by the short circuit is observed. From this analysis,
it is concluded that the initial BESS power converter sizing is not suitable when considering
dynamic load modeling (it is intended for the post-fault recovery of all IM loads).
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4.2.2. Induction Motor Inertia—Sensitivity Analysis

The influence of IM inertia on the grid-forming BESS power converter sizing is ana-
lyzed in this subsection. The default inertia constant of each IM type is available in Table A1
(in Appendix A). In Figure 12, the correspondent results are shown, where for each inertia
value, the correspondent required minimum BESS power converter sizing for assuring
the successful recovery of all IM loads following fault clearance is presented. Note that
three independent sensitivity analyses were performed for each IM class. In each analysis,
only the inertia constant of one IM class was modified (e.g., for the IM refrigerator type
analysis—green line in Figure 12—the inertia constant of the refrigerator-type IM was
varied within the range presented on the x-axis, while the inertia constants of the small
and large industrial motor types remained at the corresponding default values—Table A1).
It was concluded that increasing the IM inertia is beneficial since it allows reducing the
BESS converter power sizing. This is due to the fact that higher IM inertia contributes to
lower IM speed variations and hence lower recovery currents following fault clearance.
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4.2.3. Induction Motor Load Percentage—Sensitivity Analysis

In this subsection, it is intended to evaluate the influence of the IM load percentage on
the BESS power converter sizing. Note that in the base case scenario (Section 4.2.1), 26.5%
of IM load was considered. The results are presented in Table 3 (for the cases where L3
and/or L5 were not modeled as IM loads, their modeling is based on a constant impedance).
A general trend to reduce the BESS power converter capacity with the reduction in the IM
load ratio is verified. In fact, higher shares of IM loads will require larger reactive current
consumption during the post-fault period, which in turn will induce a larger reactive
current injection from the BESS power converter. However, the IM load location also
presents some influence on the BESS power converter sizing. For instance, for the case
where the IM load is only modeled by L1, the required BESS capacity is smaller than the
base case, which presents a lower IM load ratio.

Table 3. Grid-forming BESS power converter sizing vs. IM load percentage.

IM Load (%) IM Load SBESS (MVA)

11% L5 18
15.5% L3 28
21% L4 + L5 28

26.5% L3 + L5 38
27% L1 25

36.5% L3 + L4 + L5 46
36.5% L2 –

In addition, the short-circuit critical clearing time (CCT) for different shares of IM load
integration was analyzed, considering a 12 MVA BESS power converter sizing (suitable for
system operation while considering static load modeling—Section 4.1). As can be observed
in Table 4, there is a clear trend for the CCT reduction as a function of the IM load ratio
reduction. Note that for the case where L2 is modeled as an IM load, a 12 MVA BESS
power converter is not enough to guarantee the IM load recovery after a fault occurrence,
independently of its duration.

Table 4. Network fault critical clearance time vs. IM load percentage.

IM Load (%) IM Load CCT (ms)

11% L5 86
15.5% L3 80
21% L4 + L5 63

26.5% L3 + L5 62
27% L1 61

36.5% L3 + L4 + L5 46
36.5% L2 –
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4.2.4. Fault Duration—Sensitivity Analysis

This analysis intends to address the influence of the network fault duration on
the BESS power sizing. In this sense, a sensitivity analysis is presented in Figure 13,
showing the minimum required BESS power converter capacity for distinct short-
circuit times. Note that all the different IM load percentage scenarios presented in
Table 3 were considered (“I M Load (%) = 36.51” corresponds to “L3 + L4 + L5”, while
“I M Load (%) = 36.52” corresponds to “L2”). As expected, the longer short circuits
require a higher BESS power capacity.
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4.2.5. Induction Motor Composition—Sensitivity Analysis

Lastly, the influence of the IM load composition on the required BESS power converter
capacity is analyzed. Therefore, in Figure 14, the results of the performed analysis are
shown, matching each IM load composition scenario with the respective minimum BESS
power converter capacity (the refrigerator and small and large industrial IM loads are
represented as Ref, SIM and LIM, respectively). As it can be observed, different IM load
compositions lead to different BESS power converter sizing requirements. Thus, it is
noticeable that both the small and, in particular, the large industrial IM load types require
a larger BESS power converter capacity compared with the refrigerator motor type.
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5. Control Strategies for the Mitigation of the Impacts Induced by Induction
Motor Loads

The results presented in Section 4 highlight that large shares of IM loads are responsible
for an increased post-fault reactive current contribution from the BESS power converter
required for the re-excitation of the IM loads (which can be observed in Figure 9). An
immediate solution for this problem may consist in increasing the sizing of the BESS
power converter, as it was also illustrated in the previous section. Nevertheless, alternative
solutions based on the exploitation of advanced control strategies for the available power
electronic interfaces are proposed in order to minimize the impacts that IM loads may bring,
during the post-fault recovery period, with respect to BESS power converter oversizing.

An alternative and simple solution to mitigate this issue consists of adopting un-
dervoltage IM load shedding mechanisms [33]. However, in this work, it is intended
to propose solutions which ensure the complete recovery of all the network IM loads
while profiting from the control flexibility available in all the power electronic interfaces.
Therefore, two distinct approaches are proposed. The first approach consists of imple-
menting appropriated control solutions at the CI-RES, aiming to increase their ability to
provide a post-fault reactive current to re-excite the IM loads and hence support the grid
(this control solution is presented in Section 5.1). Complementarily, the second approach
consists of a dynamic modulation of the reference voltage of the grid-forming unit during
the post-fault period, aiming to increase the post-fault electromagnetic torque in IM loads
and hence contribute to its reacceleration (this solution is presented in Section 5.2). In order
to evaluate the effectiveness of the proposed solutions, the operational scenario presented
in Section 4.2.1 is considered, where the BESS power converter capacity is assumed to be
12 MVA. A 100 ms three-phase symmetrical short circuit reference incidente occurring
at t = 0 s of the simulation time in the transmission line interconnecting buses B7 and B8
(see Figure 6) is considered. Finally, in Section 5.3, it is demonstrated that the coordinated
implementation of these two control solutions is beneficial in operating scenarios with very
large shares of IM loads.

5.1. Fault Ride Through Strategy for Grid-Following Units

Recently, insular network operators developed new grid codes which provide specific
FRT capabilities to the grid-following CI-RES, namely, involving voltage-sensitive active
and/or reactive current injections [34,35]. However, in this paper, it is demonstrated that
these voltage/current requirements should be adapted in order to facilitate the accommo-
dation of 100% CI-RES generation penetration levels in networks with high shares of IM
loads. Hence, a novel voltage/reactive current strategy for the grid-following CI-RES is
proposed. From Figure 11 (base case), it is verified that after the fault clearance, the network
voltage returns almost instantaneously to a value close to its nominal value. However,
from Figures 9 and 10, a large reactive power injection from the BESS power converter
is observed for about 2–3 s after the voltage recovery, which is due to the IM reactive
power consumption in the moments subsequent to the fault clearance. This post-fault
behavior evidences the need for large amounts of reactive power support in the moments
subsequent to the fault clearance. In the proposed solution, CI-RES interfaces are intended
to contribute to the provision of the reactive current in the reacceleration phase of IM loads.

Aiming to better exploit the available resources in this period, the proposed control
strategy consists of a voltage/reactive current hysteresis-type characteristic, instead of the
well-known voltage/reactive current droop control, as depicted in Figure 15. As it can
be observed in the proposed solution, for voltage dips lower than V2, the reactive current
injection will be defined by the blue curve, injecting 1 p.u. of reactive current when the
CI-RES terminal voltage reaches V1. This trajectory depicted in blue corresponds to the
CI-RES terminal voltage decrease following a network fault. When the CI-RES terminal
voltage increases and reaches V1, the voltage/reactive current characteristic switches to
the green curve, returning to the blue curve when the CI-RES terminal voltage reaches
V4. The use of this hysteresis-type voltage/reactive current injection curve might lead to
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situations in which the post-fault reactive power injection is different from the pre-fault one.
Such situation can be easily overpassed by a manual intervention of the system operator
to reset the reactive power setpoint of the units or by a local reset action at the CI-RES
interface a few seconds following post-fault voltage stabilization. It is also important to
notice that for CI-RES terminal voltage values lower than V2, priority will be given to the
reactive current injection; otherwise, priority will be given to the active current injection.
The goal of prioritizing the active current injection for V > V2 is intended to improve
the system stability when the voltage reaches values closer to the nominal one, where
active power consumption will also increase. However, this prolonged reactive current
injection in the correspondent period (V > V2) will only be achieved for cases where the
CI-RES is not operated at its maximum active power capacity before fault occurrence, being
limited as a function of the active current setpoint (Ip) and of the converter nominal current
(In). Therefore, for these operational scenarios, exploiting the solution in the BESS power
converter is also necessary to facilitate IM load recovery.
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5.1.1. Simulation Results and Discussion

In order to demonstrate the performance of the proposed control solution with respect
to the ability to provide improved conditions for post-fault IM load reacceleration, three
distinct conditions are compared in this subsection: (Case 1) Voltage/active and reactive
current dynamic control imposed by the system operator of Madeira Island [26,34]. In this
case, priority is given to the active current injection during the short-circuit event, whose
contribution should be, at least, equal to the pre-fault active current injection. Simultane-
ously, the reactive current should be injected proportionally to the terminal voltage of the
generation unit (a voltage dead-band of 0.1 p.u. and a voltage/reactive current control gain
equal to −2.5 were considered). (Case 2) Voltage/reactive current dynamic control, similar
to the requirement imposed by the Spanish insular grid code [35,36]. In this case, priority
is given to the reactive current injection, being proportional to the terminal voltage of the
generation unit (a voltage dead-band of 0.1 p.u. and a voltage/reactive current control gain
equal to −2.5 were considered). (Case 3) The voltage/reactive current strategy presented
in Figure 15, where V1 = 0.5 p.u., V2 = 0.9 p.u., V3 = 0.9 p.u. and V4 = 1.06 p.u.

As it can be observed in Figure 16, only in Case 3, where the proposed strategy is
adopted, is it possible to assure a successful recovery of all IM loads and hence the stabiliza-
tion of the grid frequency and network voltage when the 12 MVA BESS power converter
capacity is assumed. In addition, the control strategy employed in Case 3 successfully
reduces the BESS reactive power contribution following the fault clearance compared to
the other cases, as it can be observed from the results presented in Figure 17 (note that the
use of the hysteresis-type solution led to a reactive current injection stabilization different
from the pre-fault state). It is also observed that the BESS pre-fault active power regime is
achieved approximately 1.5 s after the fault clearance. In Figure 18, the CI-RES active and
reactive current outputs (only the WF1 response is presented since all CI-RES generators
present a similar dynamic behavior) are depicted, being notable that, only in Case 3, a
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relevant post-fault reactive current injection after the fault clearance is observed, which is a
result of the proposed voltage/reactive current hysteresis-type characteristic. Finally, from
Figure 19, it is evidenced that the IM load (L3 is presented as an illustrative example) only
recovers after the network short-circuit clearance in Case 3. It is also demonstrated that the
prolonged CI-RES reactive current injection contributes to increase the IM load terminal
voltage in the moments subsequent to the fault clearance, due to a faster re-excitation, thus
contributing to a faster IM load reacceleration.
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Figure 16. BESS power converter synthetic frequency and terminal voltage for different reactive
current-voltage injection profiles.
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Figure 19. L3 large industrial motor (left) and refrigerator load type motor (right) speeds and terminal
voltages for different reactive current-voltage injection profiles adopted in CI-RES.

In conclusion, the obtained results demonstrate that the complete recovery of all IM
loads is only accomplished in Case 3. This is due to the contribution provided by the
prolonged reactive current injection from the CI-RES to the grid (as can be observed in
Figure 18), which is not observed for Cases 1 and 2. Thus, in Cases 1 and 2, without the
prolonged contribution of the CI-RES, the BESS power converter is not able to provide the
necessary reactive current amount required for the successful re-excitation of the IM loads
following the fault clearance.

Aiming to provide a better understanding regarding the influence of the proposed
voltage/reactive current hysteresis tuning, a sensitivity analysis was also performed. In this
sense, three distinct sets of parameters were compared: (Case 3.1) V1 = 0.5 p.u., V2 = 0.9 p.u.,
V3 = 0.9 p.u. and V4 = 1.02 p.u.; (Case 3.2) V 1= 0.5 p.u., V2 = 0.9 p.u., V3 = 0.9 p.u. and
V4 = 1.04 p.u.; (Case 3.3) V 1= 0.5 p.u., V2 = 0.9 p.u., V3 = 0.9 p.u. and V4 = 1.06 p.u.

The corresponding results are depicted in Figures 20–23. From the conducted analysis,
it was verified that successful IM load recovery occurs only in Case 3.2 and Case 3.3, indicat-
ing that the CI-RES reactive current contribution in Case 3.1 is not sufficient. Furthermore,
it was observed that higher values of V4 allow an increased reactive current injection by the
CI-RES during the post-fault period (Figure 22), revealing the less reactive power regulation
effort by the BESS power converter (Figure 21) and a faster voltage recovery at the IM
load terminals (Figure 23). From Figure 22, it is also notable that lower values of V4 lead
to a higher reactive power injection from the BESS power converter. On the other hand,
it is noticeable that higher values of V4 cause a post-fault steady-state network voltage
increase. Therefore, V4 should not be too high, in order to prevent overvoltages. Moreover,
as the adopted control parameters influence the post-fault voltage, the loads’ active power
consumption is also affected because of the adopted load model. Consequently, slight
variations in the network frequency are observed as a result of this sensitivity analysis
(Figure 20).
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Figure 20. BESS power converter synthetic frequency and terminal voltage regarding different shapes
of the CI-RES voltage/reactive current hysteresis tuning.
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Figure 21. BESS power converter active and reactive power outputs for different shapes of the CI-RES
voltage/reactive current hysteresis tuning.
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Figure 22. WF1 reactive current output and terminal voltage following different voltage/reactive
current hysteresis tuning.
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Figure 23. L3 small and large industrial motors’ speeds and terminal voltages: influence resulting
from voltage/reactive current hysteresis tuning.

5.1.2. Robustness Analysis

The purpose of the analysis performed in this subsection is to validate the robustness
of the proposed CI-RES FRT strategy (presented in Figure 15) and the control tuning
proposed in Case 3 (V1 = 0.5 p.u., V2 = 0.9 p.u. and V3 = 1.06 p.u.). Thus, the corresponding
solution was tested in several conditions contemplating different percentages of the IM
load while considering the same operational scenario (Table 1). In this sense, four distinct
cases were compared regarding the IM load percentage: (Case A) 11% of IM load (L5 load);
(Case B) 15.5% of IM load (L3 load); (Case C) 26.5% of IM load (L3 + L5 load); (Case D) 27%
of IM load (L1 load).

The obtained results are depicted in Figures 24–26. In the test cases with high shares
of IM loads (Cases C and D), an increased reactive current contribution by the CI-RES
during the post-fault period is verified, since more reactive power will be consumed by the
IM loads, which decreases the network voltage profiles (as verified in Figures 25 and 26).
Nonetheless, the recovery of all the IM loads is ensured for all the test cases.
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5.1.3. Contribution of the Proposed Strategy to BESS Power Converter Sizing

Aiming to demonstrate the benefits of the proposed CI-RES FRT strategy, the sensitiv-
ity analysis performed in Section 4.2.3 was revisited (considering the FRT control strategy
presented in Figure 15 implemented in the existing SPP and WF—see Figure 6). From
Table 5, it is demonstrated that the BESS power converter sizing is significantly reduced
when the proposed post-fault reactive current recovery is considered, compared with the
results previously presented in Table 3. As can be observed, only the cases with an IM load
percentage of 36.5% require a BESS power converter larger than the initial sizing (12 MVA).
In addition, the short-circuit CCT (considering a 12 MVA BESS power converter) was also
recalculated, which is presented in Table 6. From the obtained results, it is possible to
conclude that the CCT increased significantly when compared with the results presented
in Table 4.
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Table 5. Grid-forming BESS power converter sizing vs. IM load percentage.

IM Load (%) IM Load SBESS (MVA)

11% L5 12
15.5% L3 12
21% L4 + L5 12

26.5% L3+L5 12
27% L1 12

36.5% L3+L4+L5 17
36.5% L2 63

Table 6. Network fault critical clearance time vs. motor load percentage.

IM Load (%) IM Load CCT (ms)

11% L5 107
15.5% L3 117
21% L4 + L5 107

26.5% L3 + L5 104
27% L1 110

36.5% L3 + L4 + L5 94
36.5% L2 76

5.2. VSM Voltage Magnitude Control Strategy

From the results obtained in Section 5.1, it was concluded that the prolonged reactive
current injection provided by the CI-RES during the post-fault period contributes to in-
creasing the network voltage profiles (as shown in Figure 19), which increases the IM loads’
electromagnetic torque and contributes to a successful reacceleration. In this section, an
alternative control solution which exploits the VSM post-fault reference voltage modulation
is presented, which can be temporarily increased in order to boost the reacceleration torque
developed by IM loads. Note that in this section, the CI-RES FRT strategy corresponds to
the one presented in Section 2.2.

As explained in Section 2.1.3, the VSM output voltage amplitude is defined as a func-
tion of the voltage reference (constant value) and of a reactive power/voltage modulation
term. However, in order to temporarily increase the VSM reference voltage during the
post-fault recovery period, a hysteresis control approach is considered, modulating the
VSM reference voltage as a function of the VSM terminal voltage (at the grid side), as
shown in Figure 27. Thus, during steady-state operation Vre f will be defined by the green
curve, being fixed at V′1. However, for voltage dips lower than V1, the VSM reference
voltage will be defined by the blue curve, returning to the green curve when the VSM
terminal voltage reaches V4. In order to smooth the transition from the blue curve to the
green curve, a fall limitation ramp is imposed on the VSM reference voltage.
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5.2.1. Simulation Results and Discussion

In order to demonstrate the effectiveness of the proposed solution and to provide a
better understanding regarding the VSM reference voltage/terminal voltage hysteresis
tunning, a sensitivity analysis was performed. Three distinct sets of parameters were
compared, where V1 = 0.5 p.u., V2 = 0.8 p.u., V3 = 1 p.u., V′1 = 0.98 p.u. and V′2 = 1.1 p.u.
constitute a common parametrization in all test cases: (Case 1) V4 = 1.04 p.u. and a Vre f
limitation ramp of −999 p.u. (V)/s (it was considered a step transition from the blue curve
to the green curve); (Case 2) V 4= 1.05 p.u. and a Vre f limitation ramp of −999 p.u. (V)/s;
(Case 3) V4 = 1.02 p.u. and a Vre f limitation ramp of −0.1 p.u. (V)/s; (Case 4) V4 = 1.03 p.u.
and a Vre f limitation ramp of −0.1 p.u. (V)/s.

The obtained results are presented in Figures 28–30. As can be observed, the IM load
recovery is only accomplished in Case 2 and Case 4. Furthermore, it was observed that the
Vre f fall limitation ramp ensures a smooth transition between the hysteresis’s blue curve
and green curve. Therefore, in Case 4, it is verified that the BESS pre-fault frequency and
voltage regime is achieved approximately 2 s after the fault clearance.
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5.2.2. Robustness Analysis

A robustness analysis is presented, similar to the analysis performed in Section 5.1.2,
aiming to validate the proposed BESS power converter voltage control strategy (pre-
sented in Figure 27) and the control tuning proposed in Case 3 (V1 = 0.5 p.u., V2 = 0.8 p.u.,
V3 = 1 p.u., V4 = 1.03 p.u., V′1 = 0.98 p.u., V′2 = 1.1 p.u. and a Vre f limitation ramp of−0.1 p.u.
(V)/s). Thus, the corresponding solution was tested in the following four distinct cases:
(Case A) 11% of IM load (L5 load); (Case B) 15.5% of IM load (L3 load); (Case C) 26.5%
of IM load (L3 + L5 load); Case D) 27% of IM load (L1 load). The results are presented in
Figures 31 and 32. As can be observed, the recovery of all the IM loads is ensured for all
the test cases.
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Figure 31. BESS power converter synthetic frequency and reference and terminal voltages: influence of different shares of
IM loads.
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5.2.3. Contribution of the Proposed Strategy to BESS Power Converter Sizing

In order to show the benefits of the proposed strategy and respective parametriza-
tion (see Section 5.2.2), the sensitivity analysis performed in Section 4.2.3 was revisited.
A side-by-side comparison between the sensitivity analysis of Section 4.2.3 (case base),
of Section 5.1.3 (strategy 1) and of the voltage magnitude control strategy proposed in
Figure 27 (strategy 2) is presented.

The results of strategy 1 and strategy 2 are similar, being demonstrated in Table 7 that
the BESS power converter sizing is significantly reduced when strategy 1 or strategy 2 is
considered, in comparison with the results of the base case. As can be observed, only the
cases with an IM load percentage of 36.5% require a BESS power converter larger than
12 MVA. In addition, the short-circuit CCT, considering a 12 MVA BESS power converter,
is presented in Table 8. Similarly, it is concluded that strategy 1 and strategy 2 are able to
significantly increase the CCT compared to the base case.

Table 7. Grid-forming BESS power converter sizing vs. IM load percentage.

IM Load (%) IM Load
SBESS (MVA)

Base Case Strategy 1 Strategy 2

11% L5 18 12 12
15.5% L3 28 12 12
21% L4 + L5 28 12 12

26.5% L3 + L5 38 12 12
27% L1 25 12 12

36.5% L3 + L4 + L5 46 17 16
36.5% L2 – 63 20

Table 8. Network fault critical clearance time vs. motor load percentage.

IM Load (%) IM Load
CCT (ms)

Base Case Strategy 1 Strategy 2

11% L5 86 107 133
15.5% L3 80 117 123
21% L4 + L5 63 107 109

26.5% L3 + L5 62 104 105
27% L1 61 110 109

36.5% L3 + L4 + L5 46 94 78
36.5% L2 – 76 61

5.3. Conbined Use of the Proposed Control Strategies

In Sections 5.1 and 5.2, two distinct solutions were presented, which have proven
to, individually, be effective with respect to the provision of improved reacceleration
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of IM loads following a network fault. However, as previously mentioned, the results
of Sections 5.1 and 5.2 were obtained considering the operational scenario presented in
Section 4.2.1 (which comprises 26.5% of IM loads).

Hence, in extreme operating conditions with large shares of IM loads, it may be
interesting to simultaneously implement and adopt the two considered solutions. For this
purpose, in this section, the same operational scenario was considered (Table 1); however,
this time, 42.5% of IM load was integrated (L1 and L3 were modeled as IM loads—see
Table 2). Thus, three distinct test cases were compared: (Case 1) the FRT strategy presented
in Figure 15 was implemented in the grid-following units, where V1 = 0.5 p.u., V2 = 0.9 p.u.,
V3 = 0.9 p.u. and V4 = 1.06 p.u. (same parametrization as Section 5.1.2), with the VSM
reference voltage being fixed to Vre f = 0.98 p.u.; (Case 2) the implemented FRT strategy in
the grid-following units corresponds to the strategy presented in Section 2.2, where the
voltage magnitude control strategy presented in Figure 27 was implemented in the BESS
(V1 = 0.5 p.u., V2 = 0.8 p.u., V3 = 1 p.u., V4 = 1.03 p.u., V′1 = 0.98 p.u., V′2 = 1.1 p.u. and a
Vre f limitation ramp of −0.1 p.u. (V)/s—same parametrization as Section 5.2.2); (Case 3)
both proposed strategies were considered, using the parametrization of Case 1 and Case 2.

The results are presented in Figures 33–36, with it being observed that only in Case 3 is
the full recovery of all IM loads assured. Moreover, it is also verified that the BESS pre-fault
frequency and voltage regime is achieved approximately 2 s after the fault clearance. In
Figure 35, it is observed that the combination of the two presented control strategies induced
a post-fault voltage increase, within the admissible range, that positively contributed to the
reacceleration of all the IM loads.
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Figure 36. L3 large industrial motor (left) and refrigerator type IM loads speeds and terminal volt-
ages.

In summary, the results demonstrate that the individual contributions of the proposed
control solutions presented in Section 5.1 (Case 1) and Section 5.2 (Case 2) were not capable
of ensuring the re-excitation of the IM loads in operational scenarios with very large shares
of IM loads (despite being effective in operational scenarios with moderate shares of IM
loads). In this sense, it was concluded that by combining the control effort provided by
the two control strategies, it was possible to successfully re-excite all the IM loads in the
moments subsequent to the fault clearance.

6. Conclusions

This paper focused on isolated power systems operating exclusively with converter-
based generation, in which a BESS, whose power converter is controlled as a grid-forming
unit, is responsible for providing network regulation capabilities. Within that scope, it
was intended to analyze the impact of load dynamics on the BESS power converter sizing.
For the case in which the network load is modeled only by static models, a BESS power
converter capacity complying with the N-1 security criterion is enough to ensure the
network dynamic stability. However, converter-interfaced BESSs have a very limited
overcurrent capability, which constitutes a major disadvantage when dynamic loads are
connected to the grid. Thus, it was also concluded that the presence of IM loads leads to
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negative effects on the network dynamics following large voltage disturbances due to their
large reactive power consumption in the moments subsequent to a fault clearance. In this
sense, it is necessary to oversize the BESS power converter capacity in order to cope with
short-circuit events, aiming to assure IM load recovery in contrast to undervoltage shedding.
An extensive sensitivity analysis was performed, providing a clear understanding of how
the load model, composition and parametrization affect the oversizing of the BESS power
converter capacity.

Furthermore, it was demonstrated that the FRT requirements currently demanded
by the insular grid codes need to be revised in order to facilitate the operating scenarios
with 100% penetration levels of converter-based generation in isolated networks with a
significative percentage of the IM load composition. For this purpose, a novel FRT control
mode was identified and discussed for the CI-RES. The proposed FRT mode is intended to
increase the reactive current contribution of these units in the moments subsequent to the
fault clearance, which corresponds to the moments where IM loads demand higher reactive
currents for recovering their operation. In addition, it was demonstrated that the dynamic
modulation of the reference voltage of the grid-forming unit during the post-fault period
contributes to a faster re-magnetization of IM loads, which consequently increases their
electromagnetic torque, hence contributing to its reacceleration. Therefore, it is concluded
that a proper network load characterization by the respective network operators, as well
as the adoption of appropriate advanced control functionalities at the power electronic
interfaces existing in the converter-based generators, should avoid BESS power converter
oversizing for specific applications in isolated systems.
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Appendix A

Table A1. Motor load parametrization in p.u. [31].

Parameters Refrigerator Small Industrial
Motor

Large Industrial
Motor

Rs 0.056 0.031 0.013
Xs 0.087 0.1 0.067
Rr 0.053 0.018 0.170
Xr 0.082 0.18 0.009
Xm 2.4 3.2 3.8
H 0.28 0.7 1.5
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Table A2. Grid-forming default control parameters.

Parameter Units Value

Nominal Voltage V 400
Filter Resistance p.u. 0.01
Filter Inductance p.u. 0.1

Inertia Constant (H) s 5
Damping Constant (D) p.u. 10

Q-V Droop Gain (kQ) p.u. 0.1

P-f Droop Gain (R) p.u. 0.04
P-f Integral Gain (ki) p.u. 0

TVI Resistance (Rmax) p.u. 1.125
TVI Reactance (Xmax) p.u. 1.125

TVI Current Threshold (ith) p.u. 1.8
TVI Maximum Current (Imax) p.u. 2
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