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ARTICLE INFO ABSTRACT

One of the most frequently used interface protections for Distributed Generators (DGs) is the Loss of Mains (LoM)
protection. It detects the formation of an island at the connection point and disconnects the DG to protect the
unit, the system and the personnel. The increased penetration of inverter-interfaced DG, in combination with the
decommissioning of synchronous generators, reduces the system inertia and leads to faster changing and larger
voltage and frequency deviations. Therefore, modern grid-codes require inverter-based DGs to provide support
to the grid by modifying their active and reactive power injection based on local measurements. However, this
leads to complex inverter-grid interactions and modifies the islanded system behavior, thus disturbing the op-
eration of LoM protections that rely mainly on local voltage and frequency measurements. In this paper, we
propose an improved analytical formulation for estimating the Non-Detection Zone (NDZ) of LoM protection
devices in the presence of grid-feeding inverters, as well as novel NDZ approximations for grid-supporting and
grid-forming inverter-based services. We verify the analytical results with detailed dynamic simulations and
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comment on the impact that the new inverter requirements have on the performance of LoM protections.

1. Introduction

The growing penetration of Distributed Generation (DG) in power
systems poses new challenges related to protection and control of these
units. One of the most important aspects and a primary concern for
operators in such systems is the occurrence of unintentional islanding
or so-called Loss of Mains (LoM), where a DG unit is disconnected from
the main utility grid but continues to operate and energize an isolated
portion of the system. Such operating conditions are highly undesirable
as they complicate the orderly reconnection of the utility network and
pose a hazard to the utility system and personnel, other customers, and
to the DG itself. In addition to its normal function of protection and
control of the DG, a state-of-the-art converter control scheme should be
able to provide reliable islanding detection and cease to energize the
area, typically within two seconds of the islanding instance, as pre-
scribed by the IEEE 1547 standard [1].

With the share of distributed renewable generation steadily in-
creasing, the degree of DG capacity is becoming sufficiently large to
supply the local load demand and therefore reduce the power drawn
from the grid. Under such circumstances the risk of LoM detection
failure becomes particularly high, with the protection inputs - usually
related to frequency and voltage deviations - not being large enough for
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detecting islanding within a prescribed time period. The Non-Detection
Zone (NDZ) is frequently used as a protection performance index de-
fined in terms of active/reactive (AP/AQ) power mismatch between the
DG inverter and the load. In particular, NDZ determines the minimum
values of power mismatch between local load and generation that
would trigger the LoM protection schemes. The islanding detection al-
gorithm with the smallest NDZ is thus considered as the most effective.

The existing anti-islanding techniques can be categorized into local
and remote, with local schemes being further classified into active and
passive [2-5]. Active schemes are generally based on the concept of
perturb and observe [4,6], where an external signal is injected into the
system for the purpose of perturbing the DG output parameters up to a
significant level upon islanding occurrence. While this deviation is re-
latively insignificant in normal operation, it would drastically enlarge
in case of LoM and trip the protection relays. Passive methods use only
local voltage and current sensing to detect abnormal operation while
monitoring system characteristics such as Over/Under- Voltage (OV/
UV) and Frequency (OF/UF), Rate-of-Change-of-Frequency (RoCoF),
and voltage phase jumps [5]. Therefore, they possess a larger NDZ
compared to active methods. However, while generally more effective,
the active schemes are also slower, more expensive, tend to deteriorate
power quality, reduce efficiency of parallel inverters, and may
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potentially have adverse impact on grid dynamics and lead to in-
stability [7]. Finally, remote LoM methods connect the DGs directly to
the feeder relays through inter-tripping mechanisms and are the most
accurate and robust. However, they require protection-grade commu-
nication infrastructure and advanced signal processing techniques for
every DG, which is usually not available and expensive to install. De-
spite having negligible NDZ and high reliability in comparison with
local schemes, high cost, complexity, and implementation problems
lead to local schemes being more preferable [3]. Therefore, in this
work, we solely focus on local passive protection schemes, in particular
the detection algorithms based on over/under-voltage and over/under-
frequency measurements [8].

The existing literature focuses solely on anti-islanding protection of
grid-feeding inverters [8-13], and the suggested approximations of NDZs
tend to be imprecise due to unjustified physical assumptions. In parti-
cular, the proposed analytical expressions yield a rectangular NDZ (e.g.,
see [8-10]), whereas the simulations and real-world measurements
indicate a rather trapezoidal-shaped non-detection region [8]. Such
imprecision is a consequence of often neglected dependencies between
the active power and frequency, i.e., reactive power and voltage, re-
spectively, which simplifies the mathematical analysis of the problem at
hand. Moreover, considering that the more compelling converter con-
trol modes such as grid-forming and grid-supporting are gradually emer-
ging [14], the compatibility of traditional LoM detection schemes needs
to be re-evaluated.

This paper tackles the weaknesses of the existing analytical NDZ
approximations applied to passive UV/OV and UF/OF anti-islanding
protection schemes of grid-feeding inverters in [8-13], and proposes a
more accurate formulation which achieves an almost perfect match
with the simulations. Moreover, we extend the framework onto more
complex inverter control schemes, namely grid-feeding and grid-sup-
porting, and derive the analytical approximations for their respective
NDZs. To the best knowledge of the authors, such formulation has not
yet been presented in the literature. Finally, the theoretical results have
been verified through simulations using a detailed inverter control
model connected to a distribution grid, as prescribed by industry
standards.

The remainder of the paper is structured as follows. In Section 2, the
standard anti-islanding testing conditions are presented, together with
the existing practice for deriving the analytical NDZ approximation of
grid-feeding inverters. Furthermore, the improved mathematical for-
mulation for grid-feeding NDZ is introduced, followed by the derivation
of novel NDZ expressions for grid-feeding and grid-supporting opera-
tion modes. Section 3 discusses the modeling and implementation of
different converter control schemes as well as the design and settings of
LoM protection schemes. The proposed theoretical approach is vali-
dated through time-domain simulations in Section 4, whereas Section 5
discusses the outlook of the study and concludes the paper.

2. Analytical approximation of NDZ
2.1. Anti-Islanding testing conditions

A generic system traditionally used for LoM studies is illustrated in
Fig. 1, as defined by the IEEE 1547 standard. Testing conditions of the
RLC load are as follows: (i) resonant load frequency is the same as grid
frequency; (ii) load quality factor® is set to Qr = 2.5; and (iii) power
generated by DG should match the power consumed by the load, i.e.,
AP = AQ = 0 when switch S, is closed. Under such conditions, the
opening of switch S, results in resonance at nominal voltage and fre-
quency between the islanded DG and load. The DG operating with unity
power factor (i.e., Qz = 0) yields a worst-case scenario for islanding

! The quality factor is defined as the ratio of the reactive power stored in the L
and C elements and the active power consumed by the resistance R.
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Fig. 1. Generic system for studying anti-islanding detection schemes.

detection (see [8]) and will therefore be considered as benchmark in
this study.

In reality, there is always some power mismatch (AP, AQ) between
the DG output and the load, compensated by the network when oper-
ating in grid-connected mode. Therefore, after the grid disconnection,
the voltage and frequency in the system are forced to new values V and

]/’\ , respectively. In case of a large power mismatch, these values might
exceed the permissible ranges of the voltage and frequency protection
schemes, which would in turn trip the switch S; to prevent continued
islanded operation. The general relationship between the power mis-
match and the voltage/frequency thresholds can be expressed as fol-
lows:

AP
g(V: VmaXv AQ)S — < g(V, Vmin, AQ),
P (1a)

h(f’fmin’ Qf’ AP)SATS Sh(fafmax’ Qf’ AP)’ (1b)
where Vinin, Vinaxs fmin @nd fmax are the respective UV/OV and UF/OF
thresholds, typically defined as percentages of nominal voltage and
frequency, and Pg is the DG’s active power before the islanding event
used as a normalization constant. The area formed in the AP — AQ
plane by the expressions in (1) is defined as NDZ, and it indicates a set
of power mismatches for which an island may be formed without being
detected. More precisely, for any power mismatch within the specified
thresholds the resulting voltage and frequency in the system will re-
main within the nominal range, even after a grid disconnection, thus
failing to trigger the LoM protection.

2.2. Existing practice

The existing literature is confined within the scope of DGs con-
trolled as a constant power source, i.e., interfaced to the grid via an
inverter operating in a so-called grid-feeding mode [8-13]. This implies
that the injected power from a DG remains the same before and after an
islanding event, which drastically simplifies the analysis. Moreover, the
AP — f and AQ — V dependencies are often neglected, resulting in a
rectangular NDZ approximation with vertical and horizontal lines
coming from the voltage and frequency thresholds in (1a) and (1b),
respectively. Such analytical formulation can be derived by looking at
the power balance before and after the grid disconnection, as previously
described in [8-10] and derived hereinafter.

Let us denote by  the quantities after the LoM event. Having in
mind that ﬁg = l/’\L and QAG = QAL, one obtains:

AP:=P, — P; = AF; — AP, (2a)

AQ:=Qr — Qg = AQg — AQy, (2b)

where AP;: :}3\[ — B and AQ;: :6[ — Q;, Vi € {G, L}. For the grid-feeding
case at hand, the DG power after the event remains (or almost in-
stantaneously restores to) the same power, i.e., AP; = AQg = 0. On the
other hand, the load consumption varies due to a change in voltage and
frequency:
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P =—, = Vz(— - cuC),

TR % wL (3a)
s 2( 1

A A A A

pPp=—, =V |-—-wC|,

1= @ (cﬁL ) (3b)

A
with w = 27f and o= 27f . Since AP; =0 and P; = }90 = I/J\L, one can
describe the AP/P; term using the expressions in (3) by

A2
(VZ -V )/R
AP _ AR AP, V2

i S S T
G G 153 VIR 1% ()]

Therefore, for the voltage % to be kept within [Vinin, Vinax] limits, the
following condition must be satisfied:

V2 AP V2
-1<—X<

2 = e
Vinax Fs Vinin %)

which yields two vertical lines in the AP — AQ NDZ plane, as previously
discussed.

A slightly different approach is taken for deriving the reactive
power mismatch bounds. Since the DG power factor is assumed to be 1,
we can set Qz = 0 and therefore AQ = Q. Moreover, according to the
IEC 62116:2014 standard [15] and without loss of generality, the load
is initialized at resonant frequency f = 1/(27/LoCy), where Lo and Cy
are the respective resonant frequency components and the quality
factor is equal to Q; = RLy/Cy. Subsequently, either L or C load com-
ponent is changed to accommodate for AQ = 0, which holds as long as
Qs = AQ/Pg. For the purposes of this study, we will assume that the
capacitive element yields the complete reactive power mismatch, i.e.,

AQ
2mfV?’ )

which together with (3) and the fact that AQ = Q, results in

L=L0, C=C()+AC=C0—

1
— — 2
AQ=Q. =V (27[3

— 27 (Cy + AC)). -

0

By combining the expressions (2b)-(3b), (6) and (7), and conducting a
set of trivial mathematical operations, one obtains:

f2

AQ
_=Qf l_ﬁ’

P

¢ (8)
which gives the NDZ bounds on the reactive power mismatch of the
form:

2 A 2
Qf[l - é) < P—S < Qf[l - é—ax)

The thresholds in (9) define two horizontal lines in the AP — AQ
plane and together with (5) complete the rectangular-shaped NDZ il-
lustrated in Fig. 2, characteristic of grid-feeding DG units. However,
while widely used in the literature, such approximation tends to be
inaccurate when compared to simulations and experimental studies, as
previously pointed out in [8]. The imprecision mostly arises from
simplifications based on ignoring the AP —f and AQ —V de-
pendencies. Furthermore, the existing NDZ formulation is applicable
only to a single mode of operation. With grid-feeding control design
being replaced by more complex grid-forming and grid-supporting
control schemes [14], a need for a comprehensive analytical NDZ
evaluation that encompasses all potential DG control modes is rapidly
increasing. In the remainder of this section, we will introduce the
aforementioned inverter operation modes, followed by a novel for-
mulation of NDZ thresholds for each inverter mode respectively.

9
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Fig. 2. Graphical illustration of the (traditional) NDZ approximation widely
used in the literature.

2.3. Converter operation modes

Depending on their operation in a system, power converters can be
classified into grid-forming and grid-following, with the latter category
further distinguishing between grid-feeding and grid-supporting units
[14]. The conceptual differences come mostly from the power control
design (i.e., the outer control loop) and the input/output characteristic
of the respective controller, as illustrated in Fig. 3. In particular, grid-
forming converters can be represented as an ideal AC voltage source
with a low-output impedance, setting the voltage amplitude V and
frequency f at the connection terminal by adjusting the predefined
power setpoints (PX, QX) using a droop control law of the form:

Nk

7= + Re(R¥ — By) = f* — RpAP, (10a)

VY=V 4 Ro(QF — o) = V* — RoAQ, (10b)
Ak Ak

with f and V' denoting the internally computed frequency and vol-

tage references, and Rp and Ry being the active and reactive power

droop gains respectively. Therefore, these converters are capable of

operating in an islanded network without the presence of traditional

synchronous generators.

On the other hand, the grid-following power converters are mainly
designed to deliver power to an energized grid. They can be represented
as an ideal current source connected to the grid in parallel with a high
impedance. While the grid-feeding mode acts as a constant power
source with a fixed power output P; = P¥ and Qg = QZ, the grid-sup-
porting operation in addition regulates the current and voltage at the
converter output in order to keep the grid frequency and voltage am-
plitude close to the nominal values, as follows:

AKX N
Py :=P¥ + Ry(f* — f) = P¥ — R&f, (11a)

AKX * A *

Q :=QF + Rv(V* = V) = Q¥ — RvAV, (11b)
where ﬁG* and QA: are the adjusted power output references, and Ry and
Ry denote the frequency and voltage-related droop gains. The operation
of grid-following converters is contingent on having a stiff frequency
signal at the connection terminal, which is then measured via a Phase-

f— e —py,
Pe~[Rppo"— oz = R
Q: * V| Co |~ Ve ﬁ Q| Ci —
MR Qn ]

(@) (b)

Fig. 3. Simplified representation of grid-connected power converters with
characteristic setpoint input and internally computed reference output: (a) grid-
forming mode; and (b) grid-following mode.
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Locked Loop (PLL) and used for power regulation. Hence, these con-
verter units do not posses standalone capabilities.

The system-level controllers C, and C; combine the signals and
provide respective reference vectors v*¥ € R? and i* € R? to device-
level control, that adjusts the converter output accordingly. Therefore,

. .. n Nk A N * .
in steady state, the equalities f =f and V =V hold for the grid-

forming converter, i.e., ﬁc = Il’\G* and QAG = QAG* for the grid-following
converter. Note that all state-of-the-art system-level control schemes
(e.g., virtual synchronous machine and virtual oscillator control) are
subsumed under the droop control in steady state [16]. Under-
standably, the device-level control (i.e., inner control loop) design also
varies between different operation modes, which will be discussed in
Section 3.1. In particular, the grid-forming mode comprises a cascade of
voltage and current PI controllers, whereas the grid-following mode
only employs the current control. More details on both the system- and
device-level control are provided in [14,16-19].

2.4. NDZ Approximation for grid-Following DGs

In this section, we focus on deriving the analytical expressions for
NDZ approximation of a DG controlled through a grid-following in-
verter. In particular, we will focus on the grid-supporting mode, since a
corresponding approximation for the grid-feeding case can be easily
obtained by setting the droop gains Ry and Ry to zero. Based on the
previously introduced notation and according to (11), we can de-
termine the change in DG’s active and reactive power as

APy = —R;Af, AQg = —RyAV. 12)
Combining it with (3) and using the same procedure as in Section 2.2,
the expression for normalized active power change AP/Pg is obtained:

AP _VZE VzRf(f f)

P P V’p; 13)

The approach for deriving the reactive power mismatch bounds is
again similar to the one presented in Section 2.2, i.e., we assume a unity
DG power factor and therefore set Qz = 0 and AQ = Q;. Accordingly,
using (3b) and (11a) we derive

RyAV = —192[ 27 (Co+ AC)],
27f Lo a4
which substituted into (6) yields
Al AP 2 AV
?Q:(l > ) Qf(l—f]—RRVfAAZ :
¢ G f v (15)

The formulation in (13) and (15) clearly corresponds to (4) and (8)
from Section 2.2. However, unlike (4) and (8), the expressions in (13)
and (15) are dependent on V and f respectively, which is not in ac-
cordance with the definition of g( - ) and h( - ) in (1). Therefore, re-
lationships describing f w, I/}) and II/\'(f, ]/”\ ) have to be derived and
substituted into (13) and (15).

Let us rewrite (13) and (14) using (2)-(3), as follows:

A2
1%
Riaf ===+ F, (16a)
RyAV = -V [ ]
2f L (16b)

By solving (16a) for f and (16b) for I//\, and embedding the power
output limits, we obtain
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| 2
Jo = Lo B (B e |
14 4 (17a)
V(f. 1) = JR(min{Bom, max{0, B — RAF})) , (17b)

where P, denotes the nominal (rated) power of the inverter and
“min” and “max ” terms ensure that the DG power output is within the
permissible range ﬁg € [0, Ryom]. Interestingly enough, the relationship
in (17a) somewhat resembles the definition of “islanding pulsation”
from [4] and [9].

The next step towards a general formulation (1) is to eliminate the
load parameters from (17). Each RLC combination reflects a different
power mismatch between the load and DG prior to the LoM event.
Hence, NDZ is simulated through small perturbations of load para-
meters and evaluating whether the protection is able to detect the is-
landing for each scenario. For simplicity and without loss of generality,
we assume that the inductive load element provides the complete in-
ductive power mismatch. Substituting AC = 0 into (7) and solving for L
yields

AQ )—1
+ 27fC, s
27rf( A (18)
which in turn transforms (17a) into
p o b oaoy Bt B2+ 87fCo(22 + o)
Fw. V. AQ) = 47C, (19)

with the introduction of new variable 8, = Ry 2% Note that the load is
1 Y

27\/LoCo

As for the resistive component, by combining (2a) and (3a) we can

initialized at resonant frequency f =

describe the load resistance as R = PV , which substituted into (17b)
gives
V(. f, AP v ind Puom, B
sJ = |7/ | MmNy Inom, .
\/AP + B ¢ (20)

Here, }/’\G = max{0, P; — RyAf} denotes the active power output of the

DG after the disconnection, bounding I/D\G € [0, Pyom] similarly to (17b).
The NDZ approximation can therefore be represented by the fol-
lowing inequalities:

. /\ AP A
mjin g[V, Vv, AQ]S — < mgxg[V, Vv, AQ}
v Fs 4 (21a)
. A AQ A
min h|f, f, AP |< — <max h|f, f, AP |,
; J T (21b)
where g( - ) and h( - ) are obtained by substituting (19) into (13) and
(20) into (15), respectively. Such mathematical procedure finalizes the

NDZ approximation and yields

V2 1 ZRfAfi <£ < V2 L VZRfAfZ

Vr%‘lax Vr%‘laxPG B Fs B Vr%)in Vr%)inPG (22a)
AQ

gmins_ < gmax’
% (22b)

with the NDZ bounds for reactive power described by

JAV:

i * =1+ — Qf[l_T) RRy

min Ill

Eone 1+§ Qf[l—ff—z]—RRV fAV,
G

max

The deviation terms in (22) are defined Vi € {1, 2} as
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N
Af:i=f —f, AVi=V -V, (23)

whereas the newly introduced variables are of the form

Rl OV, Vinae AQU 2 =F (V. Vi, AQ), (24a)
V=V (F fuinoAP) Vi =V (£, foa AP). (24b)

The mathematical justification for selecting gmin( * , Vinax)> &max( * >
Vimin) and Apin( 5 fmin)s Amax( * 5 fmax) iS based on the monotonic
properties of the nonlinear functions g( - ) and h( - ) and is given in the
Appendix. Unlike the traditional practice presented in Section 2.2,
where only AP — V and AQ — f dependencies are considered when
approximating the NDZ, the proposed formulation also captures the
impact of one power mismatch on another, i.e., incorporates the cor-
relation between the (AP, f) and (AQ, V) terms.

Revisiting the conceptual differences between the grid-feeding and
grid-supporting mode of operation elaborated in Section 2.3, one can
easily approximate the NDZ of a grid-feeding converter by setting
Ry = Ry = 0 in (22), which results in

V2 AP V2
1< —X<

_1,

Vnz‘lax PG Vr?‘lin (25&)

(Kr + DQB,, < %s (Kr + DQB, . 255)
with Kp = AP/F; and the new function §; =1 — f? /fz.

Comparing the analytical bounds in (25) to (5) and (9) respectively,
we can conclude that the proposed formulation improves the approx-
imation of the under/over-frequency thresholds of a greed-feeding in-
verter. In particular, it introduces a (1 + AP/F;) term and therefore a
linear dependency between the frequency and active power mismatch
described in (25b), which breaks the traditional hierarchy of rectan-
gular-shaped NDZs that do not accurately capture the realistic system
conditions. More precisely, (25b) introduces a gradient in the bounds
describing the UF/OF triggers in the AP — AQ plane, which in turn
yields a trapezoidal NDZ, as will be shown in Section 4.

2.5. NDZ Approximation for grid-Forming DGs

While conceptually different in operation principles, the mathema-
tical representation of the outer control loops of the grid-forming and
grid-supporting converters has many similarities due to a droop-based
control law. As a matter of fact, by comparing (10a) and (11a), i.e.,
(10b) and (11b), we can conclude that the two sets of expressions are
identical if R, = R;' and Rq = R;;". Therefore, the analytical approx-
imation of NDZ for the grid-forming mode of operation can be obtained
through minor alteration of the previously derived formulation for the
grid-supporting converter. Indeed, the bounds of the non-detection re-
gion can also be expressed by (22), where Ry and Ry are replaced by Ry
and R;" respectively. Hence, the analytical approximation of the NDZ
for a grid-forming inverter is of the form:

e VA AP V2 V2Af,
Vinax ViuRePs ™ Pg ~ Vi, VainRePs' (26a)
AQ
L <—=< ,
ymm— PG —_ Ymax (26b)

where the NDZ bounds for reactive power are defined by
AP 12 RfAV;
Ymin =(1+?) Qf(l_fT]_—,\z ,
¢ min RQf min 14

AP 12 RFAV,
Yonax =(1+7) Qf(l_z—)_—/\z ~
¢ fmax RQfmaxVZ

The exploration of monotonic properties of g( - ) and h( - ) for the

Electric Power Systems Research 190 (2021) 106610

grid-supporting mode, discussed in the Appendix, applies to the grid-
forming control mode as well.

3. Modeling & implementation
3.1. Converter control design

We consider a state-of-the-art VSC control scheme previously de-
scribed in [16-20], where the outer control loop consists of droop-
based active and reactive power controllers providing either voltage
angle and magnitude (grid-forming) or active and reactive power re-
ferences (grid-following) by adjusting the predefined setpoints (denoted
by x*) according to a measured power, voltage and/or frequency im-
balance. Subsequently, the computed reference signals (denoted by xyef)
are passed through the inner control loop to adjust the inverter output.
In the grid-forming case, the inner loop is comprised of cascaded vol-
tage and current controllers, whereas for the grid-following operation
mode the power references are directly fed to the current controller. It
should be noted that the latter inverter type has two implementations: a
constant current and a constant power mode. The first one directly
feeds the power reference to the current control inputs, corresponding
tO [ig,ref, Ig,ref] = [Pref> Gref)> While the second one adjusts the reference
based on voltage measurements such that the DG power output is kept
constant, as follows:

VdPret t+ VgGret

— VaPret — VdGret
vi+ v

id,ref =
vi+ v @7

Note that i = [ig ret, igret] in Fig. 3b.

The inner loop outputs the terminal voltage reference, which is
combined with the DC-side voltage in order to generate the pulse-width
modulation signal. In order to detect the system frequency at the con-
nection terminal, a synchronization unit in the form of a PLL is included
in the model of grid-following converters. The complete dynamic model
consists of 13 or 15 states, depending on the inverter control type, and
is implemented in a rotating dq-frame and in per unit (denoted by
lowercase symbols). More details on the overall converter control
structure, employed parametrization, potential operation modes and
respective transient properties can be found in [14,16-20].

3.2. LoM Protection schemes

3.2.1. OF/UF Protection design

The modeling of frequency protection follows the guidelines from
[21] and uses additional information provided in [22-26]. There are
several techniques for determining the frequency signal, namely the
zero-crossing methods for obtaining the electrical speed of the syn-
chronous generator [24], approaches based on carrying out continuous
Fourier transformation on voltage waveform [25] and PLL-based
techniques [26]. A PLL provides fast and robust frequency estimates for
balanced three-phase systems and has been widely used for frequency
estimation, and is therefore also employed in this study for computing
the frequency of the voltage phasor at the connection terminal.

If the frequency signal is not within the prescribed limits [fiin, fimax]
and the magnitude of the terminal voltage is larger than the minimum
voltage setting Vi, the frequency relay sends a trip signal to the
generator’s circuit breaker. The addition of a voltage amplitude test - a
so-called “under-voltage interlock” function - usually ensures the ab-
sence of false alarms and restrains the actuation of frequency relays
during non-islanding situations such as generator start-up and short
circuits [23]. However, since the UV/OV protection schemes are also
implemented in this work and the system is in steady state prior to the
LoM event, the voltage amplitude test is redundant and therefore ne-
glected. Moreover, frequency relays can be operated with a time delay
in order to avoid false protection tripping during LoM-unrelated tran-
sients, since the frequency might exceed the prescribed limits for a short
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period of time. Under such circumstances, the tripping conditions must
persist during a pre-determined period to trigger the relay. Finally, both
the protection signal delay, corresponding to circuit breaker opening
time, as well as the internal measuring window delay are taken into
account [23].

3.2.2. OV/UV Protection design

The generic computational model of the voltage relay employed in
this work is similar to the one presented in [25]. First, the voltage of
each phase is measured by the PLL and transformed into a synchro-
nously-rotating reference frame, with the phasor amplitude corre-
sponding to the absolute value of the line-to-line Root Mean Square
(RMS) voltage. Voltage relays usually calculate the RMS value of the
nodal voltage considering a measurement window over a few cycles,
and the resulting signal is then low-pass filtered and checked for any
violations of the UV/OV settings. However, similarly to the frequency
signal, the voltage can also be prone to transient phenomena not pro-
duced by an LoM event. Hence, a duration block examining whether the
limits are consistently exceeded is incorporated in the model, together
with the internal measurement delay and circuit breaker opening time.

3.2.3. Protection settings

For the protection settings, international standards and typical
regulations of several countries were followed. The report of British
Standard [21] suggests that the frequency response must be activated
within 2 — 55, and therefore frequency protection should be able to
successfully recognize any LoM event within that time period. It should
be noted that in some cases there is a presence of multiple OF/UF
protection relays with different delay settings. However, those addi-
tional protection layers are primarily designed for extremely narrow
limits with significantly higher time duration blocks, corresponding to
signals that continuously exceed the predefined thresholds for a dura-
tion of up to 30 min. Such example is the United Kingdom, where the
47.5Hz under-frequency threshold with 20s delay and the 51.5Hz over-
frequency threshold with 90s delay are enforced. As such protection
designs require average windows drastically greater than the ones
needed for LoM detection, they were not considered in this study. Si-
milar multi-stage OV/UV concepts are also employed for voltage pro-
tection, but with settings again mostly outside of the scope of this study.
The protection settings used in this work have been selected according
to the available standards prescribed by different European system
operators in [21] and are listed in Table 1.

4. Results

The proposed analytical approximations are validated through time-
domain simulations in MATLAB Simulink, with the single-line diagram
of the investigated test system illustrated in Fig. 4. It comprises a 20kW
DG interfaced via converter to the distribution network, a load supplied
locally by the DG at the connection terminal, as well as the step-up
transformer and distribution feeder connecting the DG to the main grid.
The DG operates at 50% of its rated power and at the nominal voltage of
400V. All network components are represented by three-phase models,
with feeder and transformer implemented as series impedances.
Moreover, the load is modeled as constant RLC load, as this type of load
leads to the most conservative islanding detection performance of fre-
quency and voltage-based relays.

Table 1

Employed frequency and voltage protection settings.
Protection setting type Frequency Voltage
Upper threshold (OF/OV) 50.5Hz 1.1p.u.
Lower threshold (UF/UV) 49.3Hz 0.88 p.u.
Internal delay (measuring window) 100ms 100ms
Signal delay (breaker opening time) 40us 40us
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Fig. 4. Single-line diagram of a test system under investigation.
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Fig. 5. Comparison of analytical and simulated NDZs in case of grid-following
converters: (i) grid-feeding mode; (ii) grid-supporting mode. Dark rectangular
region represents an NDZ for the grid-feeding inverter obtained through a
traditional approximation.

The simulated NDZs are obtained in a discretized fashion, as the
simulations require re-initialization of the system for different load
parameters and result in a binary (i.e., triggered or not) signal output
for each protection type. Discrete boundaries of simulated NDZs will be
depicted using dots and extrapolated into continuous regions, whereas
analytical approximations of the respective thresholds will be re-
presented by full lines. The standard procedure requires 5% step-
changes in load power in order to evaluate the protection. However, for
the purposes of sufficiently accurate comparison, the steps simulated in
this study are occasionally significantly smaller and vary from one case
to another.

The comparisons between the analytical and simulated NDZs for
both the grid-feeding and grid-supporting inverter mode are depicted in
Fig. 5. For the grid-feeding case, the power mismatch increments (AP,
AQ) were set to (5, 0.2) % for frequency protection validation and (0.2,
2) % for voltage protection analysis, whereas the values used for the
grid-supporting mode of operation correspond to (2.5, 0.5) % and (0.5,
2.5) %, respectively. The lower discretization is employed in the second
case in order to reduce the computational time, as NDZs of grid-sup-
porting DG units are generally larger and greater parameter regions
need to be swept. Moreover, the droop gains for the grid-supporting
converter type were set to Ry = 0.7p. u. and Ry = 0.3p. u.

It is clear that for both operation modes we achieve a perfect
matching between the simulations and the analytical formulation, in-
dicated by the overlap between the full and dotted lines. As previously
elaborated in Section 2, the lines representing the bounds for frequency
protection of grid-feeding converters are also dependent on AP and
therefore not vertical anymore, resulting in a trapezoidal NDZ. This
significantly improves the performance of our approximation compared
to the traditional NDZ estimation approach, described by (5) and (9)
and indicated by the dark shaded rectangle in Fig. 5. The simulations
also validate the accuracy of the novel and more complex NDZ for-
mulation for the grid-supporting converter, with all four NDZ limits
being functions of both active and reactive power mismatches. This is
particularly important, as grid-supporting requirements are becoming
an industry standard and such converter types are rapidly being
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Fig. 6. Analytical NDZ in case of grid-forming converters with conventional
droop gain tuning of (Rp, Rp) = (0.05, 0.005)p. u..

employed, making the existing NDZ approximations obsolete. None-
theless, the NDZs of such converter units tend to enlarge dramatically
with the increase in droop gains, thus making the LoM protection in-
effective. The aforementioned characteristic can be observed in Fig. 7,
where the NDZ boundary is presented in the AP — Ry — AQ space for a
wide range of frequency droop gains Ry € [0 — 25]p. u. It can therefore
be concluded that the passive anti-islanding detection schemes based on
frequency and voltage triggers might be inadequate for future power
systems with high penetration of very responsive grid-supporting DGs,
i.e., DG units interfaced through power converters with high droop
gains.

On the other hand, the grid-forming mode is characterized by the
fact that for conventional droop gains of (Rp, Rq) < (0.1, 0.01) p.u. the
NDZ is rotated by = 90° counterclockwise compared to the zones of
other inverter modes, as illustrated in Fig. 6. In other words, although
typically having AP — V and AQ — f dependencies, the frequency and
voltage protection of grid-forming units is mostly affected by the
change in AP and AQ, respectively. However, it should be noted that
under traditional droop tuning the non-detection region is extremely
large and almost any type of islanding would go by undetected. This in
fact is not a downside, as grid-forming DGs have standalone capabilities
by design and should keep energizing the system even after the dis-
connection from the main grid. Nevertheless, the sole purpose of LoM
detection schemes in the presence of grid-forming units is questionable
and must be reassessed in the future.

In order to evaluate the proposed analytical approximation for grid-
forming DGs, we simulate NDZs for somewhat unconventional droop
values of (0.125, 0.75) p.u. and (0.05, 0.1) p.u., since the voltage pro-
tection would otherwise never be triggered and the frequency protec-
tion would only be activated for a power imbalance of AP = * 50%.
The power mismatch steps are set to 5% in the first and 2.5% in the
second case, and the results are presented in Fig. 8. We can confirm that
the proposed analytical expressions approximate the corresponding
NDZs with sufficient accuracy, as the underlying mismatch is a sole
consequence of a less discrete simulation sequence. An interesting ob-
servation can be made from the second case study, as the NDZ starts
rotating with the droop gains approaching traditionally lower values,

100
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Fig. 7. Analytical NDZ in case of grid-supporting converters for a wide range of
frequency droop gains Ry € [0 — 25]p. u..
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Fig. 8. Comparison of analytical and simulated NDZs in case of grid-forming
converters with unconventional droop gain tuning: @
(Rp, Rg) = (0.125, 0.75) p. u.; (ii) (Rp, Rg) = (0.05, 0.1) p. u..

implying that only frequency protection preserves sensitivity towards
islanding instances.

5. Conclusion

This paper addresses the problem of LoM protection in modern
distribution grids, in particular the NDZ approximation of passive anti-
islanding detection methods based on OF/UF and OV/UV thresholds.
For this purpose, we propose an improved analytical formulation for
estimating the NDZ of LoM protection devices in the presence of grid-
feeding inverters, which alleviates the imprecision of the existing
methods pertaining to the coupling between the frequency and active
power mismatch. Furthermore, novel approximations for emerging
grid-supporting and grid-forming inverter-based services are also in-
troduced. The analytical results are validated through detailed EMT
simulations, suggesting a high accuracy of the proposed formulation.
Moreover, some interesting observations regarding the impact of new
inverter requirements on the performance of LoM protections have been
drawn.

The future work will extend the theoretical analysis onto other
passive protection schemes such as anti-islanding detection methods
based on RoCoF and voltage phase jumps. Another interesting avenue
for further research is the parallel operation of DGs operating in grid-
forming and grid-following modes. In such systems, the voltage and
frequency response after the LoM event could be studied using the
analytical results proposed in this work.
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Appendix A

We explore the monotonic properties of nonlinear functions g( - )
and h( - ) in Section 2.4 by analyzing their first derivatives. Let us start
with g(-) in (21a) by taking the partial derivative of the right-hand side
in (13) with respect to 1//\ and combining it with (11a), which yields

) A V2Pg V2R 4 A A
Zeg|v.V.aQ|= 25t - LS| vV ag)
14 VB VRV

(28)

Here, P; denotes the active power of the DG corresponding to
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frequency deviation Af;. The expression for & =

(V, 19, AQ] can be obtained from (19) as follows:

VRy By
|t

4rCyV

2B+ Sﬁco(@—f + 2nfco) 29

It can be shown that £ >0,V Ve R, therefore implying that %g(V, II} AQ) <0, ie., gV, 19, AQ) is monotonically decreasing. Hence, for
Vinin < V' < Vinax We can state that

AP
gmin(V’ Vmaxa AQ) < P_G < gmax(V’ Vmin’ AQ)s (30)

which confirms the inequality in (22a).
A
As for the permissible limits on reactive power mismatch, the partial derivative :711 (f, f, AP) can be derived from (15) and (20) accordingly:

] A AP RRyf
Zh|f.f, AP =(—+1) — =

of P lel}(f,f, AP]Z
AN A
o gV(f,f, AP) ,
WV, f,AP) = V|1 + ———F——| +2Qr 73 |-
V(. f,AP) f

(€X0)]

However, unlike the expression in (28), (31) is not monotonic for every system initialization, i.e., it is strictly positive only for V > I//\ Nevertheless,
A

after conducting some trivial mathematical transformations, it can be shown that ;7h (f s AP) >0,V VeR, as long as the following inequality

holds:

(32)

Since typically in practice ﬁc > QAG, 0.8 < f/ f < 1.2 and Qy = 2.5, the condition in (32) will be satisfied for any realistic DG unit and distribution

A A
network under investigation. Therefore, the function h(f, f, AP) is monotonically increasing on the interval f € [f,;,, f,.x ], Which implies that

AQ

Pin (f, fiin> AP) £ — < h s Fonax> AP),

min (f finin> AP) % max (' frnax> AP) (33)
and hence validates the inequality in (22b).
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