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ABSTRACT

This paper presents a comprehensive investigation into the effects of increasing inverter-based renewable energy resources
(RERSs) on fault-level propagation in medium voltage (MV) distribution networks (DNs). The study aims to ensure compliance
with European grid codes EN 50549-1 and EN 50549-2, particularly regarding low-voltage ride-through (LVRT) requirements for
distributed energy resources (DERs). A two step ahead finite control set model predictive (FCS-MPC) current control strategy
for two-level inverters, along with an LVRT control algorithm and a secondary power controller to align with the grid code, is
implemented. To demonstrate real-world implications, a detailed MATLAB/Simulink model of the Sundom Smart Grid in Vaasa,
Finland, is developed, employing available data to replicate the actual network configuration with high fidelity. Subsequently,
various penetration levels of power-electronics converter (PEC)-based generation are integrated to assess fault propagation under
both weak and strong grid conditions. Results explain how higher shares of DERs can alter network fault dynamics and voltage
profiles, emphasizing the importance of grid-code-compliant control schemes in managing operational and safety margins. The
proposed approach provides a robust framework for utilities and operators to optimize DER integration, ensuring grid stability
and reliability.

European countries will shift predominantly towards renewable
power generation systems.

1 | Introduction

The Paris Agreement 2015 sketches the greenhouse framework

to reduce emission by limiting the global temperature rise under
2°C, with periodic emission mitigation plans and provide the aid
to the developing countries to fight against the climate change. It
laid down the foundation to achieve net zero carbon emission. To
avert the effects of global warming, the goal of carbon neutrality
must be achieved by 2055[1]. In this respect, the European Union
(EU) has set 2050 to achieve net zero carbon emissions [2]. It is
anticipated that in future many countries like USA, UK and many

The large-scale penetration of RERs in existing LV and MV
distribution systems results in a shift from centralized gener-
ation towards uncontrollable and unpredictable decentralized
inverter-based generation [3]. This introduces several challenges
concerning power system stability [23], reliability, changes in the
fault level, system inertia, and various other characteristics. The
system’s strength will decrease due to a reduction in the number
of synchronous generators, which leads to lower system inertia
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TABLE 1 | Comparative review of studies.

Ref. Objective Test network Control Grid code compliance
[25] Hosting capacity Real Feeder PI IEEE 1547
[26] FRT Modified IEEE Dual current controller ERCOT guidelines

39 bus system (PI + PR)
[24] Voltage sag Single inverter Hoo control NERC and IEEE Std 2800
[27] Aggregated model development not applicable not applicable Spanish grid code
This study LVRT, fault level Real grid FCS-MPC EN50549

Abbreviations: FRT, fault ride through; LVRT, low voltage ride through.

and reduced fault levels [4]. To cope with these issues, modified or
new protection approaches are required for the reliable and stable
operation of the power system. The development of modified
protection to enhance the DER unit’s integration requires a
better understanding of the DER fault response. While the fault
response of the rotary machine-based generation is well estab-
lished and matured, the response of the inverter-based generation
differs and relies on the implemented control techniques.

From a European perspective, grid codes increasingly require
DERs to provide both static and dynamic voltage support. This
also applies to generation units equipped with inverters, which
are connected to medium voltage level grids. Most of the modern
grid codes require generators to stay connected to the grid in
case of faults. Additionally, RERs are required to provide certain
ancillary services like reactive and active power support, LVRT
capability, and harmonic elimination. LVRT is defined as the
capability of the DG to stay connected to the grid during fault
conditions like voltage sags [5, 6].

Research efforts on enhancing LVRT capability and providing
reactive power support can be broadly classified into two groups:
Hardware-based methods [7, 15] and inverter control-based
methods [8]. In hardware-based methods, additional equipment
such as superconducting magnetic energy storage (SMES), bat-
tery energy storage system (BESS) [13], STATCOM, DVR, and
braking chopper [14] is used to improve voltage ride through
capability. Although these methods result in satisfactory LVRT
improvement, they concurrently raise the overall cost of the
system.

Alternatively, a more cost-effective substitute is to use inverter-
based control to enhance LVRT capability. In literature, various
control techniques have been proposed to operate inverters
during LVRT, such as feedback linearization sliding mode control
[16], MPC, neural network (NN) control [11], proportional plus
integral (PI) [12] and proportional plus resonant (PR) control,
among others. In [9], a classical PR controller has been utilized
to control a grid connected inverter with LVRT capability. The
author claimed positive LVRT capability, and the control system
did not have a fast dynamic response. In [10], a robust MPC
technique is investigated for photovoltaic (PV) integration into
the distribution network during LVRT. The emphasis is on the
robustness of the controller under disturbance, and compliance
with a specific grid code is not discussed. In [15], a detailed
review of various FRT strategies is presented. The author provides
a detailed review of various advanced controller-based and

hardware-based fault rides through methods available in the
literature. This research aims at improving system response by
reducing inverter current during voltage sags [17]. The authors
utilized a constant current reactive power injection approach for
improved LVRT capability in low voltage systems. In [18], the
author studied the different approaches to mitigate the effect of
fault level shortfall but the author increased the value of the k
factor to 10, which is not recommended by current grid codes;
and additionally a synchronous condensers is installed to elevate
the fault current on all buses. A robust Hoo feedback controller
for a five level grid connected inverter is proposed in [24], while
ensuring the controller performance with standards such as
NERC and IEEE Std 2800-2022 under different grid disturbances.

Most existing research in the literature has focused predomi-
nantly on DER interconnection and microgrid technologies, with
only limited attention to adherence to established standards [19,
22]. Table 1 explains the comparative analysis of the literature
review. To the best of the authors’ knowledge, there is a lack
of studies examining how increasing penetration of RERs at
the network level influences system behavior while ensuring
DER unit control compliance with grid codes. Consequently, it
is necessary to investigate that not only addresses DER control
strategies but also rigorously tests compliance with current grid
standards. The main goal of this paper is to illustrate and analyse
the effect of different levels of inverter-based generation on the
fault level propagation in MV DNs under weak and stiff grid
conditions, in compliance with European grid code EN 50549-1
and EN 50549-2 LVRT requirements. In this study, the analysis
of European grid code EN 50549-1 and EN 50549-2 is also studied
in respect to DER units’ response to abnormal voltage conditions
such as three phase short circuit. The main contributions of this
paper can be summarized as follows:

* A two step ahead FCS model predictive current control
scheme is developed for two-level inverters, and an LVRT
control algorithm and a secondary power controller are imple-
mented to meet the grid code requirements. A two-step-ahead
finite control set MPC (FCS-MPC) strategy is derived from [28]
and implemented for voltage regulation of a two-level (2L)
converter as a DER unit in an autonomous microgrid (MG)
application.

* A practical distribution network named Sundom Smart Grid
[20], located in Vaasa, Finland is modeled as precisely as
possible with accessible data and grid structure in MAT-
LAB/Simulink, and PEC-based generation is integrated with
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TABLE 2 | Generator categories based on capacity and operating voltage.

Plant types based on generation capacity

Type A

Type B

Type C Type D

> 110 kV
0.8kW <P 1eq <1 MW
0.8kW < P, oy <1 MW
Ireland 0.8 kW < P, 1eqd < 0.1 MW
Baltic 0.8kW < P,jeq < 0.5 MW
Finland 0.8kW <P g <1 MW

Voltage range
Europe

Great Britain

> 110 kV
IMW < P,eq < 50 MW
IMW < P,,eq < 10 MW
0.1 MW < P, 0q < SMW
0.5 MW < P,y < SOMW
IMW < P,eq < 10 MW

> 110 kV
50 MW < P, eq < 75 MW
50 MW < Py < 75 MW Prateq > 30 MW
5 MW < Peq < 10 MW Pryeq > 10 MW
10 MW < P, < 15 MW Proed = 15 MW
10 MW < P, g < 30 MW Prateq = 30 MW

<1okVv
P, rated > 75 MW

Abbreviation: P4, rated active power of generating unit.

the distribution network model to evaluate the impact of RER
penetration.

* A detailed analysis is carried out to investigate fault-level
propagation under various RER penetration scenarios and
different grid strengths (weak vs. stiff), in compliance with
EN50549-1/2. This allows for a thorough assessment of
how inverter-based generation can affect the reliability and
security of modern distribution systems.

The rest of the paper is organized as follows: Section 2 briefly
overviews current grid codes. Section 3 discusses the mathemati-
cal modeling and control of the converter. Sections 4 and 5 detail
the simulation test network and present the results, respectively.
Finally, Section 6 concludes the paper.

2 | Grid Codes for DERs: Review of DERs
Grid-Connection Standard

Grid codes provide a collection of technical specifications and
rules that guide how electrical power networks operate and
interact. These collaboratively developed standards aid inter-
operability and coordination between various power system
components. The grid codes ensure the electric grid’s reliable,
secure, and economic functioning. Different countries may have
different grid code requirements based on their infrastructure,
energy sources, and regulatory frameworks. The grid codes can
be broadly classified as market codes, operation codes, and
connection codes. The market codes provide rules for conges-
tion management, energy exchange, and capacity (resource)
allocation. The guidelines related to power system operation
and management are provided by the operation codes. The
connection codes define requirements that generators, HVDC
systems, and consumers must meet to connect to and interact
with the grid.

21 | EN 505049

EN 50549-1 and EN 50549-2 are DER grid-integration standards
that are issued by CENELEC in 2019. EN 50549-1 and EN 50549-
1 specify requirements for type A and type B generating plants
(shown in connected to and operated in parallel with LV and
MV distribution network respectively. Table 2 explains the four

classification of generating units based on their voltage range and
capacity. Most European countries follow EN 50549 standard as a
reference for the grid connection of DERs. The architecture of EN
50549 series is shown in Figure 1.

21.1 | Voltage Ride Through Requirements in EN 50549
Standard

Voltage ride through is defined as the capability of generating
modules to remain connected and operational in the event of volt-
age sags and swells at the point of connection. Such disturbances
may be caused by short circuit faults, sudden changes in the
load or generation, and poor connections, etc. According to EN
50549, generating plants shall stay connected to the distribution
grid, if the voltage at the point of connection (POC) remains
within the specified voltage-time profile as indicated in Figure 2.
Furthermore, when operating in the LVRT or HVRT modes, gen-
erators shall have the capability to provide or absorb active and/or
reactive currents to enhance grid stability. Also, when the voltage
at the POC returns to the normal operating range, the generator
shall resume 90 % of the pre-disturbance power within a default
time of 1 s. Figure 3 compares the voltage ride-through profiles
for six different countries: Finland, Germany, Spain, South Africa,
the USA, and Japan during and after a grid fault. The x-axis
shows time in seconds, while the y-axis represents the per-unit
(p-u.) voltage level. Each line indicates how deeply and for how
long the voltage can drop (during a fault) before the system must
recover to maintain grid stability. These curves illustrate that each
country’s grid code imposes unique requirements on renewable
energy and conventional power plants to ride through low-voltage
events without disconnecting, thus helping ensure continuous
and reliable power supply.

2.1.2 | Reactive Power Support

This section explains reactive current support requirements from
grid connected DERs in case of grid faults and voltage steps.
According to [6], grid connected DERs shall inject or absorb
additional reactive current to support grid voltage during faults
and sudden voltage changes. In a three-phase network, reactive
current provision mode shall be activated if phase to phase voltage
is outside the static voltage range or if a sudden voltage change
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FIGURE 1 | Scope of EN 50549-2. [6].

0 1 2

FIGURE 2 | Voltage ride through requirements in EN 50549. [6].

occurs. The undervoltage static voltage range lies between 80%
to 100% of the supply voltage. In case of overvoltage the static
range lies between 100 to 120 % of U,. The reactive current
provision shall be deactivated after re-entry of all phases to phase
voltages into the static voltage range. In reactive current provision
mode, the additional current shall be provided according to
Equation 1.

Aly, = k,.AU, )
Uactp B Uf p
AU, = —— -~ (2)
P Urated

Connection

Sche

me

3 5 60 180

AIQ, is the additional reactive current injected by the generator
(p.u.), AU, is the normalized voltage deviation (per unit). Uy, p is
the actual measured phase voltage at the point of connection Uy,
is filtered or reference phase voltage and U, is the rate voltage
of the system. Equation 2 formulates the voltage dip. The range of
k, lies between 2 to 6, with a minimum step size of 0.5. The higher
value of k, means large additional reactive current injection and
k, = 0 means no additional current shall be injected. To maximize
reaction current injection, it is admissible to reduce the active
current from the generator. However, the reduction shall be as
small as possible. The step response time and settling time of the
additional current injection shall be no more than 30 ms and 60
ms respectively.
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FIGURE 4 Layout of Implemented control algorithm for GFC.

3 | MPC

This section describes the design and implementation of a finite
control set model predictive current control (FCS-MPCC) scheme
in the aff-domain to regulate a grid-following inverter operating
as a DER unit. The DC side voltage is considered constant, and
an R; filter is implemented to remove the high switching noise.
To avoid the short circuit, two switches in each leg operate in
complementary manner. Figure 4 illustrates the block diagram
of the control system implemented for each DER unit. The
diagram includes key components such as power control, MPC,
low voltage ride through (LVRT), and a DC/AC converter, along
with signal references. The state space model of the system is
derived from Kirchhoff’s voltage law (KCL) and expressed in
Equations 3 and 4:

dis .
VS_ngLf a"‘RflS (3)
dis 1 .
E = L_f (VS - Vg _Rfls) (4)

where Ly represents the filter inductance, Ry is filter resistance,
is the current through filter, V, is the grid voltage. V is inverter
output voltage based on the switching vectors expressed in the
Table 3. The R; filter equation in stationary reference frame
becomes:

d iSO{ _ L VS,Q _ Vg,o( _ iSOt
de [isﬁ] L qm] [Vgﬁ] N LJ) ®

TABLE 3 | Standard space vectors and corresponding on-state switch
configurations for 2L-Inverter.

Voltage vectors Vector placing
V0, V7 (zero vectors) 0
2
V1 Ve
1 3
V2 §Vdc +J TVdc
1 3
V3 —§Vdc +]TVdC
2
V4 3V
1 3
V5 —3Vae = J 3 Ve
1 V3
V6 3Vae = J 5 Ve

The forward Euler method with sampling time T is used to for
the discretization as expressed below:

ds _i(k+D)=i(k)

de = T, ©

The discrete time model of DC-AC converter based on the Euler
method is used to predict the future state variable and is presented
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FIGURE 5 | Testnetwork, Sundom Smart Grid.

below:

[im (k+ 1)} T, < [V ®]  [Vea (k)] R [z (k)] >
igk+D| L\ [Vis] [V iyp (K)

(7
I (k + 1) and Ig(k + 1) are the next sampling instant currents
and T, is the sampling time. The development of MPC critically
involves formulation of the cost function, which is determined
by the positive value of the error between the reference and the

predicted state parameter value. In this study, the single objective
Cr is chosen and expressed;

J= ((isor,ref - isa(k + 1))2 + (is[j’,ref - is/.’s’(k + 1))2) (8)

The voltage vector at which J has the minimum value is selected
for the next switching instant. The voltage vector corresponding
to V; is presented in Table 3.

4 | Test Network

The proposed method is evaluated using the simulation model of
the Sundom Smart Grid, a medium voltage distribution network
located in Vaasa, Finland. Figure 5 outlines the single line
diagram of the Sundom Smart Grid. The primary substation
connects the 110 kV and the 21 kV grids, while the secondary
substations connect the 0.4 kV LV DNs to the power system. The
grid encompasses approximately 2500 metering points, serving
residential and small commercial consumers, and comprises
four feeders named JO6 Sulva, JO8 Wind, J0O9 Vaskiluoto and
JO7 Sundom. The feeders contain both overhead lines (68.2 %)
and underground cables (31.8 %)[21]. A 2.6 MW wind turbine is
connected to the MV network (21 kV) through a dedicated feeder

Inverter-Based Wind
Genration

J09 Wind. A 400 KW of solar plant is installed at the JO7 bus, with
575V at the PCC. The details of the test network are presented in
Table 4. The circuit parameters of the DC-AC converter and the
grid are summarized in Table 5.

5 | Results

This study analyses the impact of voltage dip propagation on
bus voltages in compliance with EN 50549-2 LVRT requirements
under weak and strong grid conditions. It is important to
clarify that the term ‘weak grid’ in this context refers to the
characteristics of the external network to which the Sundom grid
is connected. This external network exhibits typical weak grid
characteristics. The Sundom smart grid MV network was mod-
eled and simulated using MATLAB/Simulink. The analysis began
with simulating the base model (0% RER penetration) to establish
pre-fault voltage levels and fault response characteristics.

Two baseline scenarios were developed based on grid impedance
to study voltage dip propagation with increasing RER integration.
While maintaining a constant X/R ratio of 7, high and low
impedance values were selected to simulate weak and strong
grid conditions respectively. The Sundom grid MV network was
initially simulated without RER integration under both grid con-
ditions to establish baseline performance metrics. Then, the same
process was repeated for further two scenarios incorporating the
converter based RERs at Bus 07 and Bus 08, respectively.

There are two grid following converters are connected in the
system at Bus 07 and Bus 08. The power rating of the DER units is
set on the bases of the load connected in the system. The formula
given below shows the penetration level of RERs in overall system
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TABLE 4 | Details of test Network.

Sundom grid

Details

Number of metering points
Maximum wind generation
Maximum Solar generation
No. of feeders

Length of feeders

2500 (residential and small commercial users)
2.6 MW
400 KW
4

J06 Sulva: 25.24 Km (overhead) + 7.93 Km (cable) = 33.18 Km
JO7 Sundom: 12.95 Km (overhead) + 10.19 Km (cable) = 23.14 Km
J08 Wind: 0 (overhead) + 0.733 Km (cable) = 0.733 Km
J09 Vaskiluoto: 5.91 Km (overhead) + 1.12 Km (cable) = 7.03 Km

Conductors used

AHXCMKM 3 x 185, Sparrow AF40, Raven AF 62, Swan AF25, AHXW185,

AHXW3 x 95, AL 132, SAX-W 50

TABLE 5 | Circuit parameters of the DC-AC converter and grid,
summarizing the key electrical specifications used for simulation.

Parameters Values
Sampling time T, =50 us
Filter inductance Ly=0.46 mH
Filter resistance R;=0.04Q
DC side voltage V4 =1200V
X/R ratio 7
Weak grid Strong grid
Grid impedance (Z) 436.5Q 122.2Q
Grid resistance (R) 61.7347 Q 17.2857 Q
Grid inductance (L) 1.3756 H 0.3852 H
generation capacity.
Installed RER Rating
% sh RER = X 100 9
oshare of ( Total Load Demand > ©)

To evaluate the system and controller performance under dif-
ferent operating conditions: a comprehensive set of scenarios is
developed. The scenarios are categorized as follows:

* Scenario I: 0 % penetration of RERs (Power is supplied by
grid)
o Strong grid
o Weak grid

* Scenario II: 50% penetration level of RERs (Type 4 wind
turbine: 1.4 MW and PV system: 200 kW)
o Strong grid
o Weak grid

* Scenario III: 100% penetration level of RESs (Type 4 wind
turbine: 2.6 MW and PV system: 400 kW)
o Strong grid
o Weak grid

The maximum rating of PV based RER is 400 kW and connected
at Bus 07 and maximum rating of type 4 wind turbine is 2.6 MW
connected at Bus 08.

5.1 | ScenarioI: 0% Penetration of RERs

In scenario I, the Sundom Smart Grid model is simulated under
both weak and strong grid conditions, without any inverter-
based generation connected. A three-phase symmetrical fault
is created to analyse and provide insights into system strength
under different grid conditions. This analysis is crucial for
understanding grid stability and resilience under fault scenarios.
Initially, the total installed load is 3 MW, with the grid supplying
the entire power to the load, as depicted in Figures 6 and 8. The
system exhibits negative reactive power due to the presence of a
large reactive load in the system, which is typical for industrial
or commercial loads with significant inductive components. At ¢
= 0.5 s, a three-phase symmetrical fault occurs at Bus 07, lasting
for 200 ms before being cleared at 0.7 s. The voltage at all buses
is monitored to understand the fault’s propagation throughout
the network, which is essential for evaluating system protection
requirements.

5.1.1 | CaseI:Strong Grid: 0 % Penetration of RERs

In the case of a during the fault conditions in strong grid, both
active and reactive power increase significantly to contribute to
the fault current, which is characteristic of strong grids due to
their low impedance. The active power rises dramatically from
3 MW to 28 MW, while reactive power surges to 10 MVar. This
substantial surge occurs due to the stiff nature of the system,
which can maintain voltage levels better and supply higher fault
currents. The pre-fault, during-fault, and post-fault bus voltages
can be observed in Figure 7. The voltage at the faulty bus 07 drops
to 0.15 p.u., with aligned buses also experiencing voltage drops,
though less severe due to the grid’s strength.

5.1.2 | Case II: Weak Grid: 0% Penetration of RERs

In the case of a weak grid, the increase in active and reactive
power is limited due to the weak grid’s higher impedance and
lower short-circuit capacity. The active power peaks at only 4.5
MW before stabilizing at 3.5 MW, as shown in Figure 6. This
limited response is typical of weak grids, which have reduced
capability to supply fault currents. The bus voltages, shown in
Figure 9, demonstrate more severe impacts: the faulty bus voltage
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FIGURE 8 | Power supplied by the weak grid to fulfill the load demand under weak grid conditions.

drops to 0.05 p.u., with adjacent buses experiencing drastic
voltage drops. This severe impact occurs because weak grids have
limited voltage support capability during faults.

Figure 10 illustrates the minimum bus voltages during the fault
for both cases, highlighting the significant differences between
weak and strong grid responses. The weak grid shows more
severe voltage drops compared to the stiff grid, with the faulty

bus voltage dropping to 0.14 p.u. versus 0.3955 p.u.in the strong
grid case. This difference occurs despite similar pre-fault voltages
(1.01825 p.u.for weak grid and 1.0043 p.u.for strong grid at Bus 07).
The weak grid condition results in an extremely low voltage of
0.01395 p.u.at Bus 07, with average voltages across all buses being
approximately 0.8785 p.u.for the weak grid and 0.6472 p.u.for the
strong grid. These results clearly demonstrate the superior voltage
support capability of strong grids during fault conditions.
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FIGURE 9 | Voltage waveforms of all busses under weak grid conditions.
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FIGURE 10 | Comparison of minimum bus voltage during the fault under strong and weak grid conditions.

5.2 | Scenario II: 50% Penetration Level of RERs

In this scenario, an inverter-based generation system is integrated
into the grid, and a 3-phase fault is initiated at the same bus
to analyse fault propagation. A 2.3 MW type-4 wind turbine is
connected at Bus 09, while a 200 kW PV system is installed at Bus
07. The total RER capacity is equivalent to half the power supplied
by the grid in Scenario I.

Additionally, the LVRT requirements during voltage dips are
implemented in accordance with EN 50549-1 and EN 50549-2
standards. EN 50549-1 outlines the operational guidelines for DER
units with a power rating of up to 1 MW, which are applied to
the PV system. For the wind turbine, EN 50549-2 is followed, as
it specifies operational mechanisms for DER units with power
ratings of up to 50 MW.

5.2.1 | Case I: Stiff Grid With 50% penetration of RERs

In the case of a stiff grid with 50% renewable energy penetration,
both connected DER units operate as grid-following converters.
The grid’s power supply is reduced to 1.5 MW under normal
conditions, as shown in Figure 11. However, during a fault, the
grid power surge to 26.8 MW.

The voltage levels of all buses are depicted in Figure 12. Under
normal grid conditions, the wind turbine connected at Bus 08

generates 1.3 MW of active power. During the fault, to comply
with the LVRT requirement, the active power output of the
DER unit is curtailed to 20% of its rated capacity to prioritize
reactive power support. Consequently, 0.5 MVar of reactive power
is supplied to stabilize the grid during the fault condition, as
presented in Figure 13.

The RMS current rating of the DER unit is 1200 A, and throughout
the operation, the DER unit consistently maintains its rated
current, as demonstrated in Figure 14. The output current of the
DER units during operation is detailed in Figure 15.

5.2.2 | Case II: Weak Grid With 50% Penetration of RERs

In this scenario, the same 50% RER penetration is considered,
but under weak grid conditions. As shown in the Figure 16, the
fault significantly affects bus voltages, with the voltage at Bus 07
dropping below 0.1 pu and other buses falling under 0.15 p.u. Due
to the presence of RERs, the grid’s power contribution is higher
compared to Scenario I. Figure 17 presents the power supplied by
the grid to fulfill the load demand and also take part to support
the grid during fault conditions.

During the fault, the active power output of the DER unit is
reduced to 10% of its rated capacity due to the severity of the
fault and depicted in Figure 18. The DER unit operates in reactive
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FIGURE 11 | Power supplied by the strong grid to fulfill the load demand under strong grid conditions with 50% RERs penetration.
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FIGURE 12 | Voltage waveforms of all buses under strong grid conditions with 50% RERs penetration.
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FIGURE 13 | Output power of wind turbine type 4 under strong grid conditions with 50% RERs penetration.

power priority mode, emphasizing grid support by prioritizing
reactive power injection as per the requirement of EN 50549-2.

The DER unit supplies approximately 0.2 MVar of reactive power,
which is lower than its output in the stiff grid scenario with
50% RER penetration. The output current of the DER unit
becomes more distorted under these conditions, although it

continues to maintain its rated current capacity as illustrated in
Figure 19 while output current of the DER unit is presented in
Figure 20.

The Figure 21 expressed the minimum voltages on all busses
during the fault under both grid conditions. In this scenario,
Voltage dip is higher in the case of weak grid compared
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FIGURE 14 | Output current of DER unit under strong grid conditions with 50% RERs penetration.
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FIGURE 15 | RMS output current of DER unit under strong grid conditions with 50% RERs penetration.
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FIGURE 16 | Voltage waveforms of all busses under weak grid conditions with 50% RERs penetration.

to stiff grid. The average voltage dip including all busses is
0.8892 p.u. and 0.6439 p.u. Under the weak grid case, the
grid contributes more towards fault current compared to the
scenario I, case II. The reactive power contribution is much
less in weak grid compared to the stiff grid with 50% RER
penetration.

5.3 | Scenario III: 100% Penetration Level of RERs

In this scenario, RERs installed capacity is increased to 3 MW,
which is equivalent to the local load demand of sundom smart
area grid network. Type 4 wind turbine connected at Bus 08 has
the power rating of 2.6 MW while PV system connected at Bus 07
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FIGURE 17 | Power supplied by the strong grid to fulfill the load demand under weak grid conditions with 50% RERs penetration.

- I I I I I I I ! !
1.5 = DER Active Powcrr

1
z
“0.5 - .

0 —

T T T T T ——

0.6 === DER Reactive Power
504 —
&

0.2 —
0 T T T T \ t T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec)
FIGURE 18 | Output power of wind turbine type 4 under weak grid conditions with 50% RERs penetration.
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FIGURE 19 | RMS output current of DER unit under weak grid conditions with 50% RERs penetration.

hasinstalled capacity of 400 kW. All the power generated by RERs
is consumed locally. The net active power received/ transfer at
point of common coupling is zero. Both RERs are in grid following
mode while LVRT requirement as defined in the EN 50549-1/2 is
implemented on the concerned RERs level. The same SC fault is
initiated at same bus at same to examine the fault propagation
in the network and analyse their impact on voltage of the
system.

5.3.1 | Case I: Stiff Grid With 100% Penetration of RERs

As previously discussed, the power generated by the RERs are
equal the local load demand. The fault initiated at Bus 07 at t = 0.5
s and last for 200 ms. The voltage of all bus is monitored to analyse
the fault propagation and to measure the pre-fault and fault bus
voltage. The waveforms of buses voltage are demonstrated in
Figure 22. The buses voltage is higher than the previous scenarios
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FIGURE 20 | Output current of DER unit under weak grid conditions with 50% RERs penetration.
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FIGURE 21 | Comparison of minimum bus voltage during the fault under strong and weak grid conditions with 50% RERs penetration.
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FIGURE 22 | Voltage waveforms of all buses under strong grid conditions with 100% RERS penetration.

due the presence of RERs. It can be also observed from the 53.2 | Weak Grid With 100% Penetration of RERs

Figure 22 the voltage dip is severe than previous cases. The power

supplied by the grid is around zero as shown in Figure 23 as load In this case, weak grid conditions are considered, where renew-
demand is fulfilled locally by the RERs. While power generated able energy-based generation primarily supplies the power
by the RERs are shown in Figure 24. During the fault, the DER  needed to fulfill the local demand. The propagation of volt-
unit active power is reduced to 20% of the rated capacity and the age dips through the network is analysed by monitoring the
around 1 MVAr of reactive power is supplied by the DER unit to voltage waveforms and the minimum voltage levels during
support the grid. The output current of the DER unit is shown in faults at all buses. The voltage waveforms at the buses are
Figure 25. shown in Figure 26, where it can be observed that the voltage
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FIGURE 23 | Power supplied by the strong grid to fulfill the load demand under strong grid conditions with 100% RERs penetration.

[ I I T | T T
====DER Active Power
2 —
z
=
=1+
0 \ \ \ w L \ i
[ [ [ [ [ [ -
11— [===DER Reactive Power! |
i
K
Z 05 —
=
¢ ! | J i i !
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec)

FIGURE 24 | Output power of wind turbine type 4 under strong grid conditions with 100% RERs penetration.
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FIGURE 25 | Output current of DER unit under strong grid conditions with 100% RERs penetration.

dip in this scenario is more severe compared to the previous Figure 31 compares the minimum voltage levels at different buses
cases. during a fault under strong and weak grid conditions with deep

penetration of 100% renewable energy. As shown in the figure,
Figure 27 illustrates the power supplied by the grid under weak  the bus voltage under weak grid conditions is significantly lower
grid conditions. Meanwhile, Figure 28 presents the output of  than in the stiff grid case. It is worth mentioning that, under weak
the wind turbine, which is approximately 2.3 MW. Figure 29 grid conditions, the average voltage dip is approximately 0.90 per

shows the output current of the layer unit under weak grid con- unit, whereas in the case of a stiff grid, the average voltage dip
ditions, while the RMS output current of this unit is depicted in  is around 0.645 per unit. The highest voltage during the fault in
Figure 30. the weak grid scenario is observed at Bus 08, where the layer unit
14 of 24 IET Generation, Transmission & Distribution, 2025
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FIGURE 26 | Voltage waveforms of all busses under weak grid conditions with 100% RERSs penetration.
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FIGURE 27 | Power supplied by the strong grid to fulfill the load demand under weak grid conditions with 100% RERs penetration.
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FIGURE 28 | Output power of wind turbine type 4 under weak grid conditions with 100% RERs penetration.

is connected. The voltage at this bus is 1.0434 per unit, with a
corresponding voltage dip of 0.8979 per unit.

5.4 | Unbalanced Grid

In this scenario, the performance of the controller and the impact
of an unbalanced grid on a power system without and with high
RER penetration are evaluated under varying grid conditions.
Specifically, the voltage of phase B is reduced from 1 p.u. to 0.86

p.u., as illustrated in Figure 33. All other parameters of the test
model are the same as expressed in Table 3. The following case
is simulated in Matlab/Simulink to analyse the impact of the
system.

5.4.1 | Unbalanced Stiff Grid With 0% RER Share

In this case, the Sundom distribution network is simulated under
unbalanced stiff grid conditions. The node voltages across the
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FIGURE 29 | Output current of DER unit under weak grid conditions with 100% RERs penetration.
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FIGURE 31 | Comparison of minimum bus voltage during the fault under strong and weak grid conditions with 100% RERSs penetration.

network are illustrated in Figure 32. It can be observed that the
voltages at all nodes are lower compared to the balanced stiff
grid scenario. For example, the pre-fault voltage at the point of
common coupling Vpo is 1.008 p.u. under balanced conditions,
whereas it drops to 0.959 p.u. in the unbalanced stiff grid case.
During the fault, the voltage further decreases to 0.4053 p.u. and
0.3807 p.u., respectively. Figure 33 illustrates the grid voltage and
current before, during, and after the fault event. Att=0.5 seconds,
a three-phase symmetrical fault is introduced at node JO7, causing
a significant voltage drop throughout the system. Due to the
stiffness of the grid, it supplies a substantial fault current, peaking

at approximately 2000 A. The case is taken as the base for the
further unbalanced stiff grid cases.

5.4.2 | Unbalanced Weak Grid With 0% RER Share

This test case is conducted to establish a baseline and evaluate
the impact of a fault on an unbalanced weak grid. As shown in
Figure 34, the voltage drop across all nodes is significantly more
severe compared to the unbalanced stiff grid scenario during the
fault. Additionally, the bus voltage in the weak grid is higher than
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FIGURE 34 | Voltage waveforms of all busses under unbalanced weak grid conditions with 0% RERs penetration.

its counterpart. The grid’s power contribution during and after
the fault is depicted in Figure 35. It is observed that the fault power
contribution is lower in the unbalanced weak grid compared to
the balanced weak grid.

5.4.3 | Unbalanced Stiff Grid Conditions With 100%
Share of RER

In this case, the grid is considered a stiff grid with an X/R ratio of 7.
A'100% RER share indicates that the total generation from RERs

equals the total network demand. Specifically, the wind turbine
supplies 2.6 MW, while the PV system contributes 400 kW. The
voltages at all nodes are presented in Figure 36. Due to the grid’s
unbalance, the voltage at all nodes remains below 1 pu, and the
voltage drop during the fault is less severe compared to the case of
abalanced stiff grid with 100% RER share. At node JO7, where the
fault occurs, the pre-fault voltage is 0.95 p.u., which drops to 0.142
p-u. during the fault. In comparison, the voltage at the same node
in the baseline case is 0.137 p.u. The slight increase in voltage in
this scenario is attributed to the reactive power support provided
by the DER unit during the fault.
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FIGURE 35 | Power supplied by the grid to fulfill the load demand under unbalanced weak grid conditions with 0% RERs penetration.
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FIGURE 37 | Output power of wind turbine type 4 under unbalanced stiff grid conditions with 100% RERs penetration.

5.4.4 | Unbalanced Weak Grid Conditions With 100%

Figure 37 illustrates the active and reactive power output of the
wind turbine. During the fault, the DER unit supplies 1 MVar of
reactive power, in compliance with the EN 50549-2 standard. The
active power output drops to approximately 10% of the DER unit’s
rated capacity.

Figure 38 shows the RMS and output currents of the DER unit.
The DER experiences a lower peak current compared to its
counterparts and operates within its rated current capacity during
the fault event.

Share of RER

Under unbalanced weak grid conditions with 100% penetration
of RERs, the system exhibits significant sensitivity to faults. As
shown in Figure 39, the voltage waveforms at all buses drop sub-
stantially during the fault period (0.5-0.7 s), with node JO7, where
the fault occurs, experiencing the most severe dip, from a pre-fault
voltage of 0.98 p.u. to approximately 0.051 p.u. Compared to the
baseline case (0.053 p.u.), this slight improvement is attributed to
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FIGURE 38 | Outputand RMS current of DER unit under unbalanced stiff grid conditions with 100% RERs penetration.
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FIGURE 39 | Voltage waveforms of all busses under unbalanced weak grid conditions with 100% RERs penetration.
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FIGURE 40 | Output power of PV plant under unbalanced weak grid conditions with 100% RERs penetration.

the reactive power support provided by the DER unit. Figure 40
shows the active power output of the PV plant, which remains
steady at around 400 kW before and after the fault but drops
sharply to zero during the fault due to reduced voltage at the point
of connection, triggering the inverter’s protective response stated
in EN 50549-1.

Figure 41 presents the grid’s active and reactive power contri-
butions. Before the fault, the grid contributes minimally, as the
total demand is met by the DERs. However, during the fault, the
grid temporarily compensates for the drop in DER output, with a
noticeable rise in both active and reactive power. Once the fault
is cleared, the grid returns to its minimal supply role. The wind
turbine’s performance, illustrated in Figure 42, indicates a similar
behavior: it delivers approximately 2.6 MW of active power before

the fault, drops to around 10% of its rated output during the fault,
and simultaneously injects about 0.5 MVar of reactive power,
complying with the EN 50549-2 standard for voltage support.
After fault clearance, both active and reactive outputs recover to
normal levels.

Figure 43 shows the grid voltage and current waveforms. Prior
to the fault, the waveforms are balanced and sinusoidal. During
the fault, the voltage magnitude drops and current waveforms
become slightly distorted due to system unbalance. Post-fault,
the system resumes stable operation with restored voltage and
current profiles. Overall, the DERs demonstrate effective fault
ride-through capability, and their reactive power injection signif-
icantly enhances voltage stability under unbalanced weak grid
conditions.
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FIGURE 42 | Output power of wind turbine type 4 under unbalanced weak grid conditions with 100% RERs penetration.
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FIGURE 43 | Grid Voltage and supplied current waveforms under unbalanced weak grid conditions with 100% RERs penetration.

5.5 | Power Curtailment

In this test, the primary objective is to examine the effects of active
power curtailment on voltage regulation and system stability. At
t=0.4 s, the WT’s power set-point is curtailed from 100% down to
60% of its rated value. At t = 0.59 s, the reference is further reduced
to 30%, before being restored to 100% at 0.77 s. This case is carried
out to shows practical power curtailment requests issued by

network operators. Figure 44 presents the RMS p.u. voltage at all
node points in the distribution network. It is seen from the figure
that with the change in power, the voltage at all buses slightly
drops. Figure 45 illustrates three-phase output voltage and output
current waveforms of the DER unit. As the power reference
changes, the magnitude of the output current decreases propor-
tionally, but the voltage waveforms remain stable and sinusoidal,
validating the robustness of the controller. The measured active

20 of 24

IET Generation, Transmission & Distribution, 2025

sdny) suonIpuoy) pue swid I, oy 995 “[570/80/1 1] U0 AIeIqET UIUQ A1 “BSEEA JO ANSIAIUN KQ [€10LTPIF/6H01°01/10p/WOo" Ko1mv AIeIqyjouIuo-oreasanol/:sdny woiy papeojumoq ‘I ‘ST0Z ‘S6981SLI

10)/09" K[ 1M

P

ASUBOIT SUOWIWO)) dANEAI)) d[qear[dde ay) £q PaUIdA0S aIe SA[dILIE V() ‘aSn JO Sa|NI 10} A1eIqI] aurjuQ AS[IA UO (SUOHIP



12
k=
1 o ™ = me == m w m omm m EE W R O R O L e R R RS R oy mm e mm | e mm o wf TV R Em mm mm mm me w wm
0.8 [— —
=
06— —
@
1=
<]
S 04 H
> —Vroc
— Vo
02— v M
= “Tos
- Ve
0 et ;
)
| | | | | | | | |
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (sec)
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FIGURE 46 | Output power of wind turbine type 4 under weak grid conditions with different share of RERs penetration.

and reactive power of the wind-based DER unit is demonstrated
in Figure 46. The active power clearly follows the reference value,
while reactive power remains near zero during the test. When the
WT output returns to 100%, the voltages at all nodes recover back
to initial values. These observations underscore the importance of
active power management, particularly curtailment capabilities,
in maintaining acceptable voltage levels and adhering to grid code
requirements in future power systems with high penetration of
RERs.

5.6 | Discussion

This section examines the impact of RERs penetration on both
weak and strong grid conditions. Table 6 highlights the rate of
change in voltage dip at Bus 7, comparing scenarios of varying
RER shares under weak and strong grid conditions. In weak grids,
the bus voltage dip rate increases by 3.41% as RER penetration
grows from 0% to 100%. However, the average rate of change in
voltage dip is 1.14%, which is approximately half that observed in
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TABLE 6 | Rate of change of voltage dip (in %) at Bus 07 during a
fault, under varying RER penetration levels for weak and strong grids.

RERSs share Weak grid (%) Strong grid (%)
0% to 50% 1.74% 0.53%
50% to 100% 1.64% 0.60%
0% to 100% 3.41% 1.14%

Voltage dip under balanced grid

0.
0.
0.
0.
0
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N

Buses Voltage

mweak 0% M weak 50% M weak 100% M Strong 0% M Strong50% M Strong 100%

FIGURE 47 | Magnitude of voltage dip (in p.u.) at various buses
(Vpoc, V07, V08, V09, and V06) under weak and strong grid conditions,
for different renewable energy penetration levels (0%, 50%, and 100%).

TABLE 7 | Comparison of the rate of change in average voltage dip
(in p.u.) as a function of RER penetration for weak and strong grids.

Rate of change average

Grid type RER enetration voltage Dip (p.u.)

Weak 0%-50% +1.22%

grid 50%-100% +1.28%
0%-100% +2.51%

Strong 0%-50% - 0.58%

grid 50%-100% - 0.18%
0%-100% -0.76%

strong grid conditions. Fault propagation is notably more severe
in weak grids, even when reactive power support is provided in
accordance with EN 50549-2 standards.

Figure 47 illustrates the voltage dip (p.u.) across all system
buses under various scenarios. For instance, under weak grid
conditions, the most significant voltage dip occurs at the POC
for 0% and 50% RER penetration. In contrast, at 100% RER
penetration under weak grid conditions, the highest voltage dip is
recorded on bus 08. Interestingly, bus 06 exhibits lower sensitivity
to fault propagation across different RER penetration levels and
grid conditions.

Table 7 delves into the average voltage dip characteristics across
all buses, comparing weak and strong grid scenarios as RER
penetration increases. For weak grids, the average voltage dip
magnitude rises with higher RER penetration, showing a total
change of + 2.51%. This increase is relatively uniform, with +
1.22% observed in the first half (0%-50%) and + 1.28% in the

Voltage dip under unbalanced grid
;
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FIGURE 48 | Magnitude of voltage dip (in p.u.) at various buses
(Vpoc, V07, V08, V09, and V06) under unbalanced weak and strong grid
conditions, for different renewable energy penetration levels (0% and
100%).

second half (50%-100%) of RER integration. These findings indi-
cate that weak grids become increasingly vulnerable to voltage
disturbances as RER penetration grows. In contrast, strong grids
show a decrease in average voltage dip magnitude with increasing
RER penetration, reflecting a total change of -0.76%. A significant
reduction is observed during the transition from 0% to 50% RER
integration (-0.58%), while the change from 50% to 100% RER
penetration is less pronounced (-0.18%).

By comparing the findings from Table 6 and Table 7, it becomes
clear that the impact of RER penetration on fault voltage
propagation varies significantly under different grid conditions.

Figure 48 illustrates the voltage dip observed under unbalanced
grid conditions at varying levels of RER penetration. The trend
is consistent with the observations in Figure 47, where voltage
dips are more severe in weak grid scenarios. Notably, the highest
voltage dip occurs at Bus V07, where the fault occurs, particularly
under weak grid conditions with higher RER penetration. In such
cases, the ability of RERs to provide reactive power support is
significantly compromised due to the deep voltage sag.

Although this issue could theoretically be mitigated by increasing
the rated capacity of RERs, in practice, these resources often
operate well below their rated capacity during normal conditions.
Under weak grid conditions, RERs can supply up to 0.5 MVar
of reactive power. However, in a strong (stiff) grid scenario, the
lower voltage dip allows RERs to contribute more effectively
to fault ride-through support, enhancing grid stability during
disturbances.

6 | Conclusion

This study demonstrates that increasing inverter-based RER
can substantially influence fault-level propagation and voltage
profiles in MV DNs, with the impact strongly dependent on
grid strength. In weak grids, the rate and magnitude of voltage
dips become increasingly severe with growing RER penetration,
indicating a higher vulnerability to fault events. Even with
reactive power support aligned with EN 50549-2 standards, weak
grids continue to exhibit elevated voltage dips, highlighting the
imperative for enhanced mitigation strategies. Conversely, strong
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grids display a modest reduction in average voltage dip magnitude
at higher RER levels, suggesting that robust grid conditions
can better accommodate RER penetration without compromising
voltage stability. Overall, these results emphasize the importance
of tailoring grid management practices to the specific levels of
RER integration and underlying grid strength. Appropriate coor-
dination of reactive power support, fault-ride-through schemes,
and other stability-enhancing measures can help mitigate the
severity of voltage dips, ensuring reliable operation across a wide
range of grid conditions.

By integrating these findings into planning and operational
frameworks, utilities and operators can more effectively optimize
DER integration strategies, adhering to European grid codes
while maintaining critical stability and safety margins.
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