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Abstract—The number of renewable energy sources in distri-
bution grids is increasing. Most of those plants are connected to
the grid via inverters. Those inverter-based-resources (IBRs) are
mainly controlled in grid-following mode (GFL). Prior research
explained the influence of those GFL IBRs on distance protection,
a widely spread grid protection algorithm. In this paper the
prior findings are evaluated in a developing distribution grid.
During four development stages, the number of GFL IBRs
increases. Moreover, the GFL IBRs follow the three common
fault-ride-trough (FRT) techniques. All relevant protection relays
are analyzed for critical grid faults in each stage and each FRT.
The results confirm the findings of the prior research. Active
power in the positive sequence, reactive power in the positive
sequence and reactive power in the negative sequence influence
the measured impedance of the distance protection in different
ways. In critical cases, this can lead to incorrect measurements.
Additionally it is shown, that typical developments in distribution
grids can impact the critical grid protection negatively. The test
framework will in future serve for newly developed protection
algorithms that address the problems described.

Index Terms—Distribution Grid, Protection, Distance Protec-
tion, Inverter-Based-Resources

I. INTRODUCTION

In Germany, over 95 % of the installed capacity of wind and
PV plants was connected to the distribution grid in 2019 [1].
Those plants are mostly connected to the grid via inverters.
As the number of those renewable energy sources (RES)
is increasing rapidly, the impact of inverter-based-resources
(IBRs) on the distribution grid grows. State-of-the-art of IBR
control mode is grid-following (GFL) [2], [3]. The behavior
of GFL IBRs differs fundamental to classical synchronous
generators (SG), especially during grid faults [4]. In future,
many IBR systems are planned in grid-forming (GFM) mode.
In addition to these changes, the flow of power within the
grid is changing due to the decentralized location of RES
in contrast to centralized SG at higher voltage levels [5].
These changes lead to a different behavior of the electrical
grid during grid faults. Regardless of these changes, the grid
protection must work secure, reliable and dependable. The
most widespread protection algorithms in distribution grids
are the overcurrent and distance protection. This paper focuses
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on the distance protection algorithm. Previous research shows
significant malfunction of this algorithm in the presence of
GFL IBRs [6]–[9].

Prior research explained the behavior of the distance protec-
tion algorithm under the influence of GFL IBRs [10]. A simple
system is considered for an analytical explanation. A GFL IBR
is connected to an external grid via a transmission line. A grid
fault is applied to this line. The impact of active and reactive
power in the positive sequence, as well as reactive power in
the negative sequence are analytical explained. Therefore, the
influence of the three typical fault-ride-trough (FRT) variants
on the distance protection can be explained. The information is
summarized briefly in II. The findings from the previous work
are evaluated in this paper in a distribution grid. The basic
structure as well as a detailed description of the components
is shown in [11]. Four development stages are examined.
The number of IBRs is steadily increasing as PV parks,
wind farms, and batteries are connected to the grid. These
correspond to the progression from a grid without converters
to a modern grid permeated with renewable energies, which
is representative for the characteristic development of typical
distribution grids in Germany. A Grid fault is simulated at
each stage and the affected distance protection relays are
analyzed. The investigations will serve as a basis for the
future analysis and evaluation of newly developed protection
algorithms within the Kopernikus ENSURE project.

In III the four development stages of the considered distri-
bution grid are introduced. In each stage, the number of IBRs
increases. Therefore, GFL IBR control is explained. Moreover
the protection scheme of the grid is presented. In IV grid fault
analysis are shown for each stage for the three different FRT
techniques. The reliability and dependability of the protection
scheme is analyzed. In V the results are concluded and an
outlook for further research is given.

II. DISTANCE PROTECTION UNDER THE INFLUENCE OF
GFL IBR

[10] provides an analytical representation of how GFL IBR
control affects distance protection during FRT in the event of
a two-phase grid fault. The feed-in of active power in the
positive sequence, reactive power in the positive sequence,
and reactive power in the negative sequence are considered
individually. A simple grid is considered, consisting of a
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Fig. 1: Structure of considered distribution grid during development stages 1 (black), 2 (red), 3 (green) and 4 (blue) with
increasing number of IBRs.

GFL IBR connected to an external grid via a transmission line.
A fault on this line is considered from the perspective of the
protection device on the IBR side. Fig. 2 shows this influence.
It is based on (1). The measured impedance is composed of
the affected line impedance mZL and the measurement error.
The latter consists of the fault resistance RF as fixed value, as
well as a current factor to the fault resistance as variable. This
depends on the IBR phase currents and grid phase currents.
The magnitude of this part cannot be influenced, as the short-
circuit current level of the external grid and the GFL IBR are
considered fixed. However, the angle can be influenced by the
FRT control of the GFL IBR. If this is minimal, the deviation
of the measured distance is also minimal, as only the reactance
is used for location.
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Fig. 2: Influence of active (red) and reactive (blue) power in
positive sequence and reactive power feed in negative sequence
(green) on distance protection.

Zmeas,bc = mZL +
RF

2

(
1 +

IIBR,b − IIBR,c

IGrid,b − IGrid,c

)
︸ ︷︷ ︸

measurement error

(1)

Active power feed in the positive sequence (red) leads to
a clockwise rotation additional fault resistance factor. In
contrast, reactive power feed in the positive sequence (blue)
leads to a counterclockwise rotation. Reactive power feed in
the negative sequence (green) hast the same effect as in the
positive sequence, but with a different mathematical basis.

These findings are now evaluated on a larger, more complex
electrical grid with multiple IBRs and changing grid structures.

III. DISTRIBUTION GRID

A. Development Stages
Fig. 1 illustrates the considered 33 kV distribution grid,

with all relevant parameters listed in Tab. I. The initial state
(Stage 1) is depicted in black. Stations B1 and B2 are supplied
by the overlaid 110 kV grid. A possible connection between
both stations via Line12 remains open. Moreover, Station B3
is connected to B1 via Line13. A constant load is connected
to each station, with a power factor of cosφ = 0.9. In Stage 2
(red), a PV park is connected to B3 via IBR3. Therefore,
protection relay R31 is added to switch off feeding of grid
faults from bus B3. In Stage 3 (green), a new Station B4 is
added to connect a large wind farm to B2 via Line24 and B3
via Line34. The Wind park is represented by IBR4. In Stage 4
(blue), a PV park is connected to B1 via IBR1. Additionally, a
large battery storage is connected to B2. All IBRs operate in
GFL mode and follow the FRT techniques, explained in III-B.

The EMT simulation of the electrical grid is performed
in PSS®NETOMAC. The GFL IBR models are simulated
in MATLAB Simulink. Both programs are linked via a co-
simulation interface [12].
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Fig. 3: Grid-Following control schemes for IBRs with normal operation and FRT statics in positive and negative sequence.

B. GFL IBR Control Scheme

The IBRs are connected to the grid via an LCL-Filter
and a transformer. The GFL control scheme is illustrated
simplified in Fig. 3, based on [13], [14]. First, a Decoupled
Double Synchronous Reference Frame (DDSRF) is utilized
to separate abc voltage and current values from the Point of
Common Coupling (PCC), on the grid side of the transformer,
into positive (+) and negative (−) sequence dq components.
Synchronization with the grid is achieved by a Phase-Locked
Loop (PLL) that controls u+

q to zero. During normal operation,
active power (P+

set) and reactive power (Q−
set) define the set

values i+d and i+q , respectively. The negative sequence set
points are set to zero. During grid faults the control can follow
three different modes. First, only active power is supplied.
Therefore, i+q,set and i−dq,set are set to zero. Secondly, active
and reactive power in the positive sequence are fed. Reactive
power is defined using a static calculation based on the voltage
deviation, as shown in (2).

Q
+/−
set = k+/− ·∆u+/− (2)

The negative sequence current i−dq,set is still set to zero. In
current limiting, i+q,set has a higher priority than i+d,set. That
means that i+d,set is reduced if necessary in order to reach the
set point of i+q,set. This is based on the voltage-supporting
behavior of reactive power during FRT. Third, active and
reactive power in the positive sequence, as well as reactive
power in the negative sequence are fed. The negative sequence
reactive power is also calculated following (2). Its purpose is to
provide symmetry in the event of asymmetrical grid conditions
caused by grid faults. In this case an unsymmetrical current
limitation is applied to limit the set point [15], [16]. Reactive
currents are given higher priority than active currents, while

TABLE I: Grid parameters for four development stages.

Stage 1 Stage 2 Stage 3 Stage 4
SLO1 4MVA 4MVA 6MVA 7MVA
SLO2 10MVA 12MVA 14MVA 16MVA
SLO3 1MVA 1MVA 3MVA 4MVA
SIBR1 - - - 5MVA
SIBR2 - - - 20MVA
SIBR3 - 8MVA 8MVA 8MVA
SIBR4 - - 16MVA 16MVA
lLine 4 km
R′

Line 0.061Ω
X′

Line 0.173Ω

the reactive currents of the positive and negative sequences
have equal priority. These three FRT techniques cover a large
number of common grid codes [7]. The limited current set
points are controlled by two separate current controls for
the positive and negative sequences. The re-transformation
converts u

+/−
dq values to abc values, which are then given into

controlled voltage sources.

C. Grid Protection

This paper focuses on directed polygon distance protection.
A distance protection scheme is applied, based on [17]–[19].
Relays R13, R34, R24 and R43 operate with three protection
zones, while R42 and R31 operate with two protection zones,
as a third zone does not protect the considered lines. In Stage 1
only relay R13 is considered. As a fault on Line13 is fed from
both sides in Stage 2, a second relay R31 is added at B3.
As B4 is added in Stage 3 with Line34 and Line24, relays
R34, R43, R24 and R42 are added to protect the lines. Fig. 4
shows the connected lines and relays with protection zones.
Each section of the line is thus protected at least doubly. The
primary protection zone Z1 is calculated by (3). The secondary
protection zone Z2 is used as backup for the next protection
relay zone and calculated by (4). The tertiary protection zone
Z3 is calculated by (5).

ZZ1 = 0.9ZLine1 +
RA

2
(3)

ZZ2 = 0.9 (ZLine1 + 0.85ZLine2) +
RA

2
(4)

ZZ3 = 0.9 (ZLine1 + 0.85 (ZLine2 + 0.85ZLine3))+
RA

2
(5)
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Fig. 4: Distance protection scheme for considered distribution
grid with primary and backup protection zones.
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Fig. 5: Distance Protection measurements during fault F1 at Stage 1 (a), Stage 2 (b), Stage 3 (c) and Stage 4 (d) with different
FRT techniques: P+(x), P+ and Q+(o), P+, Q+ and Q− (∆).

The arc compensation RA

2 is set to 2Ω. This value is oriented
on typical arc resistances in medium voltage grids [20].
Overcurrent time protection is not used as a backup in the
simulation, as the focus is on distance protection.

IV. DISTANCE PROTECTION ANALYSIS

First, a two-phase-fault F with a fault resistance of 1.5Ω at
85 % of Line13 is simulated. Fig. 5 shows the relevant section
of the distance protection measurements during the four stages.
The dash-dotted line represents the three consecutive lines with
a black dot at the end of each. The three protection zones are
illustrated. The measured impedances for the different FRT
techniques are marked with “x” for pure active power feed,
“o” for additional reactive power feed in the positive sequence
and “∆” for additional reactive power feed in the negative
sequence.

In Stage 1, only relay R13 protects Line13. In Fig. 5a a
black dot represents the line impedance from the relay to the
fault. It is close to the zone boundary, which makes it critical
for correct measurement. The ”+” marks the actual measured
impedance by the relay during the grid fault. As expected,
the measured impedance is shifted by half the fault resistance
in the positive R direction. Due to sufficient fault resistance
compensation, the fault is correctly localized in zone Z1.

In Stage 2, relay R13 and R31 protect Line13. In Fig. 5b
the black dot represents the line impedance from the relay to
the fault for relay R13, while the blue dot represents it for
relay R31. Independent of the FRT technique of the GFL IBR,
relay R13 detects the fault correctly in zone Z1. The short-
circuit current of the GFL IBR is very small compared to
that of the external grid. Therefore, the effects described in
II are hardly visible. However, a closer look at the values
reveals that the measured impedance shifts in positive X
direction during pure active power is feed. Therefore, the
measured impedance is almost at the zone boundary. When
reactive power is fed into the positive or positive and negative

sequence, a shift in the negative X direction can be seen.
Relay R31 does not detect the fault, independent of the FRT
technique. The measured values are far outside the range
shown. The direction is indicated by the dotted blue line and
the symbols. Using (1), the effect is due to the small GFL
IBR currents, compared to the external grid. An active power
feed in the positive sequence leads to a clockwise rotation
of the measured impedance. A reactive power feed in the
positive sequence leads to a counterclockwise rotation. If the
reactive power static in the positive sequence is activated, in
Stage 2 IBR3 purely feeds reactive power, due to the large
voltage drop. Reactive power feed in the negative sequence
also leads to a counterclockwise rotation. Still, due to effects
of a changed network the angle deviation is less then in the
positive sequence. The measurements correspond to the effect
described in II. The opposite applies to Relay R13, which can
be explained by the opposite direction of both relays.

In Stage 3 the grid structure changes fundamentally. Now
the fault F should be detected by four protection relays. R13
and R31 serve as primary protection, while R43 and R24 are
backup protection. In Fig. 5c the colored dots mark the line
impedance from the relay to the fault for R13 in black, R31
in blue, R43 in green and R24 in red. Now, the length of all
measurement deviation is in the same range for all relays.
This is because the overlaid external grid is now connected via
stations B1 and B2 and feeds into the fault from both sides.
Accordingly, the current amplitudes are in a similar range.
Still the described effect can be seen. Relays R31 and R43
are located next to buses fed by IBRs. Therefore the effect
is as described before, still, with less influence due to the
short circuit current of the external grid. Both relays detect
the fault in the correct protection zones, independent of the
FRT technique. Relays R13 and Relay R24 are located on buses
opposite of buses with IBRs. Therefore, like described for R13
in Stage 2, the effect is contrary. This can clearly be seen and
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leads to malfunction during pure active power feed during
FRT. Relay R13 locates the fault in zone Z2 instead of Z1.
Relay R24 does not detect the fault anymore, as the measured
reactance overreaches Z3. Still for both other FRT techniques,
the relays locate the fault correctly.

In Stage 4 GFL IBRs are added to the buses B1 and B2. The
marks in Fig. 5d correspond to those before. As now both sides
of Line24 are fed by GFL IBRs, the described effects decrease
at relay R24. Still for pure active power feed by the IBRs during
FRT, the relay does not detect the fault. At relay R43 and R31
the effect increases due to the feed of GFL IBRs at the opposite
buses. Still both relays detect the fault correctly in zone Z2 and
Z1, respectively. For relay R13 the effect increases. Therefore,
with pure active power feed by the IBRs during FRT, the fault
is wrongly detected in zone Z2 instead of Z1. For both other
FRT techniques, the fault is correctly detected in Z1.

V. CONCLUSION AND OUTLOOK

The studies show that the previous investigations also apply
in a larger, more complex electrical grids. If the fault fed on
both sides is fed on one side not only by a GFL IBR but also
by an external grid, the effect is weakened but still clearly
noticeable. In critical cases, such as grid faults near the zone
boundary of the distance protection, the FRT control of the
GFL IBR can lead to incorrect fault location. Feeding reactive
power into the positive sequence or positive and negative
sequence leads to significantly better results than feeding in
active power alone.

The different stages of the distribution grid show, that the
grid protection can clearly be affected by an increasing number
of GFL IBRs. Therefore, such developments must be taken
into account in terms of grid protection. Both the necessary
changes in the structure and the control behavior of the IBRs
play an important role here.

The results and the framework presented will be used for
further research in the field of grid protection in the future.
The IBRs will be expanded to include GFM mode. While
GFL mode is currently the most widely used control mode,
IBRs will in future be operated in GFM mode. In addition,
novel protection algorithms will be tested in the framework to
eliminate the problems identified.
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