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ABSTRACT Rapid growth in the utilization of the inverter-interfaced distributed energy resources (IIDERs)
in microgrids has brought new challenges in the network protection area. Microgrid protection specifically
becomes a concern during operation in the islanded mode. There is a considerable reduction in fault
current levels in this mode compared to when the microgrid is connected to the grid, which makes
conventional algorithms operate with significant delay or, in many cases, not even pick up the fault. This
paper proposes a protection algorithm based on the rate of change of direct-axis current component (iz)
to protect inverter-based microgrids (IBMGs). The proposed algorithm is applicable for microgrids with
centralized protection as well as those deploying a decentralized approach equipped with the unit protection
of the relevant lines. Photovoltaic (PV) systems and battery energy storage systems (BESS) are taken into
account in this research and modeled precisely to capture the high-frequency effects of power-electronic
converters and investigate the response of IIDERs in fault conditions. The effectiveness of the proposed
protection method will be evaluated by applying symmetrical and asymmetrical faults in different locations
with different resistances simulated on a test IBMG system in PSCAD/EMTDC environment. In addition,
protection robustness against non-fault conditions such as a sudden increase in load levels, environmental
uncertainties, and noisy measurement conditions will be scrutinized.

INDEX TERMS Fault detection, inverter-based microgrid, microgrid protection, rate of change of iy

(RoCold).
NOMENCLATURE 0*/0 Reference/measured values of reactive power
iq/i;  Direct/quadrature axis current components [A]. [VAr].
va/vq Direct/quadrature axis voltage components [V]. V7. /Vac Reference/measured values of dc link voltage
i/ i; Reference direct/quadrature axis current compo- [V].
nents [A]. 15 /e Reference/measured values of dc link current
v/ v;; Reference direct/quadrature axis voltage compo- [A].
nents [V]. Vi Output voltage of the DC/DC boost converter
P*/P  Reference/measured values of active power [W]. [V].
Iy Output current of the DC/DC boost converter
[A].
Vv Output voltage of the PV system [V].
The associate editor coordinating the review of this manuscript and ]pv Output current of the PV system [A].
approving it for publication was Qiang Li . Ppc DC link power [W].
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Viyef Reference voltage generated by MPPT
[V].

Pref Reference power generated by MPPT
[W].

L LCL filter inductor [H].

1) Microgrid frequency [rad/sec].

0 Reference angle [rad].

Vbat Battery terminal voltage [V].

Epar Open circuit voltage of the battery [V].

Rt Internal resistance of the battery [$2].

Ipar Battery charging current [A].

q Battery capacity [Ah].

SOC State of charge [%].

K Polarization voltage coefficient.

A Exponential voltage coefficient [V].

B Exponential capacity coefficient
[(AR)~"].

w* Reference frequency of the microgrid
[rad/sec].

v* Reference voltage of the microgrid [V].

m/mg Frequency droop/damping gain.

n/ng Voltage droop/added proportional gain.

Ty Dq0 transformation matrix.

Y Admittance matrix of a network with N
buses [£2].

1 Current matrix of a network with N buses
[A].

Vv Voltage matrix of a network with N buses
[V].

1g/1, Direct/quadrature current matrix of a net-
work with N buses [A].

Va/Vy Direct/quadrature voltage matrix of a net-
work with N buses [V].

T Time period [sec].

a Multiplication factor.

RoCold Rate of change of iy [A/sec].

RoColdgx,,s  Maximum RoCold among all relays dur-
ing non-fault conditions [A/sec].

RoColdgs;c,; RoCold of relay i during sudden load
change scenarios [A/sec].

RoColdyr ; RoCold of relay i during irradiation fluc-
tuation scenarios [A/sec].

RoColdy;, Threshold value for RoCold in a micro-

grid [A/sec].

I. INTRODUCTION

The penetration of the distributed generations (DGs) has been
increasing dramatically in recent years due to their economic
benefits, environmental concerns and the rise in electricity
demand. Indeed, DGs’ operation in distribution networks
and, specifically microgrids, has had many advantages, such
as reducing power losses, increasing reliability, and improv-
ing power quality [1], [2], [3]. Despite these advantages,
DGs’ utilization on a large scale has brought some serious
protection issues. These issues become more challenging
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in inverter-based microgrids(IBMGs) [4], [5]. Unfortunately,
there is no efficient and reliable strategy associated with this
type of microgrids, and as a consequence, the utilization of
this beneficial technology has been limited. The short circuit
level in the islanded mode of IBMGs is much lower than the
grid-connected mode. This issue results in the mal-operation
of conventional overcurrent protection schemes in these sys-
tems [6], [7].

Numerous methods have been proposed to resolve prob-
lems associated with operating IBMGs in islanded mode. In
[8], the dqO transformation is utilized for converting the phase
voltages to dq values and based on these values, the fault
is then detected by the under-voltage logic. Meanwhile, this
approach may be problematic from discrimination as well
as coordination aspects, as the voltage is usually dropped
widely and uniformly in the network during the fault. In [9],
a protection method based on negative sequence component
considering short circuit behavior of grid-forming IIDERs is
presented. However, utilization of negative sequence compo-
nent in conditions such as occurrence of three-phase faults
and presence of unbalanced and nonlinear loads may face
challenges. Also, using voltage to detect fault location is
challenging due to the slight voltage difference between
adjacent buses in IBMGs. These issues can be resolved
using impedance [10] and admittance-based algorithms [11].
However, these methods are generally not entirely effec-
tive in distribution networks with short lines with low lev-
els of X/R ratio. In research [12], the faulted section is
determined by comparing the phase difference between the
pre-fault and fault current components. This scheme requires
prior knowledge of pre-fault power flow direction and also
needs a separate method to detect the occurrence of a fault.
In [13], the comparison of the phase difference between the
positive-sequence current fault component and pre-fault bus
voltage is used to detect and isolate the faulty line in IBMGs.
However, noise immunity and the performance of the scheme
during non-fault conditions such as sudden load changes
has not been investigated. Optimization techniques such as
genetic algorithm and particle swarm optimization were pro-
posed in [14] and [15] to improve the tripping characteristics
of overcurrent relays. However, usage of overcurrent relays
may not be effective due to changeable topologies of IBMGs
and limited fault current of IIDERs. Adaptive protection
is another proposed method for protecting microgrids [16],
[171, [18], [19]. In [16], clustering is used to reduce different
states of a network and determine settings for each cluster.
Different setting groups can also be utilized according to the
network modes and conditions [17], [18], [19]. However, all
of these methods require centralized protection and extensive
communications links. The protection algorithm can be based
on harmonics, too. In [20], a percentage of the fifth harmonic
component can be injected to fault location in IBMGs by
the inverter-interfaced distributed energy resources (IIDER)
control system, and then microprocessor-based relays can
detect and isolate the fault. Using the concept of differential
protection and extracting several features of the fault current
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is another method for protecting IBMGs [21], [22], [23], [24],
[25], [26]. Data mining and wavelet transform are utilized
in [21] and [22] for fault detection, respectively. In [23],
the fault is detected by measuring the off-nominal frequency
injected by IIDERs. In [24], by generating harmonic voltages
through IIDER controllers and creating a new current flow
layer, a harmonic-based overcurrent protection scheme for
islanded IBMGs is proposed. In these methods, noise immu-
nity and high capital costs for the equipment are the primary
concerns. In [25], a method for fault detection has been
proposed based on fault current modulation, extraction of the
fundamental component and inter harmonic components, and
analysis of inter harmonic components. In [26], the differ-
ential energy derived from both three-phase current and its
zero sequence current component through a machine learning
based model, the extreme gradient boost, is used to detect
and classify faults in microgrids. Meanwhile, these methods
depends on communication links and advanced relays.

According to the aforementioned studies, the main gaps
in the previous protection methods can be expressed as the
inconsistency in detection and discrimination of the faulty
part due to the wide range of disturbances, ignoring the
behavior of different types of IIDERs in fault and non-fault
cases, and unheeding bi-directional fault currents in IBMGs.
In order to resolve the above-mentioned gap, first, dynamic
models are utilized for the photovoltaic (PV) systems and
battery energy storage systems (BESS) with their associated
power electronic control systems. Then, a protection method
based on the rate of change of direct-axis current component
(RoCold) for IBMGs is proposed. The key contributions of
the proposed method are as follows.

« Utilization of RoCold for fast and accurate fault detec-
tion and discrimination in islanded IBMGs due to the
significant difference in its behavior during fault and
non-fault conditions.

o Considering the short circuit behavior of both
voltage-frequency controlled inverter-interfaced resources
(VF-IIDER) and active-reactive power controlled
inverter-interfaced resources (PQ-IIDER).

o Maintaining robustness against common operational
transients such as sudden load changes, irradiation fluc-
tuations, and noisy measurement conditions.

« Implementation of the proposed method in a centralized
and decentralized approach in islanded IBMGs.

The effectiveness of the proposed protection method is
verified using the PSCAD/EMTDC software. In addition,
a comparison between previous protection techniques and the
proposed method is presented in Table.1. It is worth noting
that in terms of practicality, the implementation of the pro-
posed method, like most of the effective methods mentioned
in Table.1, is somewhat costly. However, the benefits it
provides outweigh this disadvantage.

This paper consists of six sections: PV system and BESS
modelling are presented in section II. The main concepts
of the proposed protection method are introduced in sec-
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FIGURE 1. General structure of PV system integration to a grid.
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FIGURE 3. Inverter control block diagram of PV system.

tion III. The simulation results and the effectiveness of the
proposed approach are shown in section IV. The possibility
of mal-operation and the method’s robustness is scrutinized
in section V, and finally, the conclusions and further recom-
mendations of the work are given in section VI.

Il. PV SYSTEM AND BESS MODELLING
In this part, the details of dynamic models for PV systems and
BESS utilized for this study have been represented. These
models will be later utilized in the test case in order to
evaluate the proposed protection scheme.

A. PV SYSTEM

The general schematic for a PV system integrated with a
grid is shown in Fig.1. The PV system is connected to the
grid through a DC/DC boost converter, a three-phase 2-level
inverter, an LCL filter, and a transformer.

The DC/DC boost converter control block diagram used
in Fig.1 is shown in Fig.2. Maximum available solar power
can be achieved by maximum power point tracking (MPPT)
functionality. Here, MPPT is based on an incremental con-
ductance algorithm. As can be seen from Fig.2, the output
voltage and current of the PV system are passed to the MPPT
block, which generates the reference voltage (V). There-
upon, V. is compared to V), and the error signal is given
to a PI controller to generate reference power (Py.r). Vg and
Iy are symbols for output voltage and current of the DC/DC
boost converter and as shown in this figure, Py is compared
to the dc link power (Ppc), and the error signal is given to a
PI controller to generate the boost converter duty cycle.

The inverter control block diagram is depicted in Fig.3.
In this voltage source converter (VSC), the reference values of
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TABLE 1. Comparison of proposed method with previous protection techniques.

Modeled Fault detection & Noise Non-fault Fault detection  Implementation = Communication
Methodology DER types discrimination immunity conditions speed cost infrastructure
(Accuracy)
Differential frequency PQ-IIDER . . .
protection [23] VF-IIDER Effective Not proven ~ Unexamined One cycle Expensive Needed
Interharmonic PQ-IIDER . . .
differential protection [25] VE-IIDER Effective Not proven  Unexamined Two cycles Expensive Needed
Differential energy SBDER" . . .
based protection [ 18] PQ-IIDER Effective Immune Examined Two cycles Expensive Needed
Voltagg—based PQ-TIIDER Not effective Immune Unexamined One cycle Expensive Needed
protection [8]
Voltage restrained
negative sequence VF-IIDER Not effective Immune Examined Whithin a cycle Expensive Needed
protection [9]
Optlleed' PQ-IIDER Not effective Immune Unexamined One cycle Reasonable Not needed
overcurrent protection [16]
Impedanpe-based PQ-IIDER Not effective Immune Unexamined One cycle Expensive Needed
protection [10]
Phase comparison
of voltage & PQ-TIIDER Effective Immune Unexamined Two cycles Expensive Needed
current [13]
Phase comparison PQ-IIDER Effective Not proven ~ Unexamined Two cycles Reasonable Needed
of currents [12]
Superimposed adaptive SBDER
of voltage & PQ-IIDER Not effective Immune Unexamined One cycle Reasonable Not needed
current [19]
Harmonic injection . . .
based protection [24] PQ-IIDER Effective Not proven Examined One cycle Expensive Not needed
VF-IIDER v . o .
Proposed method PQ-IIDER Effective Immune Examined Whithin a cycle Expensive Needed

* Synchronous-based distributed energy resources

iq and i, are generated through two independent control loops
by regulating the dc link voltage (V4.) and reactive power
(Q). In this figure, L and w represent the LCL filter inductor
and microgrid frequency, and the terms wLiy and wLi, are
used for eliminating cross terms and enabling straightforward
tuning of the loop parameters. The inverter switching control
is performed by comparing the reference values of iy and i,
with values calculated later via (3) and (4).

B. BESS

In this paper, the lead-acid battery model is utilized. Nonlin-
ear elements of the battery are also included in the model.
The variation in battery terminal voltage during charge and
discharge processes is a function of the state of charge (SOC)
and temperature of the electrolyte. Battery terminal voltage
(Vpar) and SOC can be written as follows [27].

q
Voar = Epar + Rintlbar — K—q ot + AeB S Bbadt (1
Ipardt
SOC = 100(1 n fL) )
q

where Ep,; is the open-circuit voltage of the battery, R;y, is
the internal resistance of the battery, and Ip,, is the current
flowing through the battery. The polarization effect is also
considered in the third term of (1), with K as the polarization
coefficient, and g as the battery capacity. In the fourth term,
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DC/DC

Converter

Vdc 1 dc

FIGURE 4. DC/DC converter control block diagram of BESS in islanded
mode.

A and B are the coefficients of the exponential function of
voltage and capacity. These parameters can be extracted from
a manufacturer’s discharge curve [28].

In this research, BESS is connected to the grid through
a bidirectional DC/DC converter and a three phase 2-level
inverter (Fig.4). In islanded mode, DC link voltage is adjusted
by the DC/DC converter and the microgrid frequency and
voltage are controlled by the inverter. The latter is performed
by a method called proportional-derivative droop control with
which power sharing is also handled. It is similar to conven-
tional droop control method, with an exception on insertion
of a damping controller in frequency control path in order to
weaken existing power oscillation. The inverter control block
diagram is shown in Fig.5 [29].

Ill. PROPOSED PROTECTION METHOD
IIDGs dynamics are relatively fast, and evaluation based
on the quasi-static or time-varying phasors, i.e. RMS

46929



IEEE Access

A. Farshadi et al.: RoCold Protection Scheme for Inverter-Based Islanded Microgrids

Proportional-Derivative Droop Control

=.4

(@)uis x 7

|

FIGURE 5. Inverter control block diagram of BESS in islanded mode.

Communication Link
Central Server :

O ® 0,

FIGURE 6. Sample microgrid equipped with communication system and
central server.

L1

simulations, cannot be applicable for this study, and instead,
techniques that take into account the electromagnetic tran-
sients should be utilized. Moreover, dq0 model, direct axis
current component (iy) as well as rate of change of iy
(RoCold) are used in the proposed protection method in order
to detect fault high-frequency effects observed in IBMGs with
low inertia.

A. DQO TRANSFORMATION
1) BASIC DEFINITIONS
The main advantage of dq0 transformation is the conversion
of AC sinusoidal components to constant values. Resistors,
inductors, capacitors and other elements of the power system
can also be modelled with this transformation.

The dqO transformation and the relevant inverse matrix are
defined in (3) to (5). In these equations, 6 is the reference
angle [30].

Xg X4
Xabe=| Xb | ,Xdg0=| Xq |>
Xe X0
—1
Xdg0 = ToXabe, Xabe = Ty " Xdq0 3

cos(f) cos ( — 2?”) cos (0 + 2?”)

Ty = 3| - sin(6) — sin( — %”) —sin (9 + 2?”) “
1 1 1
2 2 2
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-
PSCAD/EMTDC environment:

e Symmetrical fault scenarios
with different fault resistances
at different fault locations

[ Calculate values of iy and ]

e Asymmetrical fault scenarios
with different fault resistances
at different fault locations

RoCold for all relays

}

Compare RoCold of relays
and find RoCold, 4y

e Sudden load change scenarios

L Irradiation fluctuation scenarios)
L

(Impon data to MATLAB software)
N

-

MATLAB environment:

~

e Obtain RoCold gy nf according

Send trip to
corresponding CBs

g g g g S

to (14)
e Determine RoCold,; based on
s ) End
L
Utilize RoColdyy, in the real-time | §
part :
'
.
End '
. 4' . 4
FIGURE 7. Flowchart of centralized implementation.
cos(0) — sin(6) 1
—1 —2r) g _2n
T, = | cos ( 3 ) sin (9 =) 1 5)

cos(@—f—%”) —sin(9+27” 1

2) ADVANTAGES OF USING DQO PARAMETERS IN IBMGs
dqO transformation is an extension to the time-varying phasor
model [30]. To compare these two models, consider a sym-
metrical network consisting of N buses. This grid is described
by admittance matrix Y(s). In a quasi-static system, network
equations are as follows:

I =Y (jws)V (6)

For quasi-static systems, (6) can be rewritten as the follow-
ing equation, considering the admittance matrix as constant
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and evaluated at a single frequency s = jws:

[Re{l}} _ [Re {Y (o)} —Im {Y (]'a)s)}i| [Re{V}} )
Im{/} Im{Y (jws)} Re{Y (jws)} || Im{V}

To generalize these results to networks that are not quasi-
static, such as inverter-based microgrids, using 6 = wjyt, the
network equations can be expanded as (8), where the values
of N1(s) and N;(s) are given in (9) and (10) [30]:

|:Id(5)i| _ [ Ni(s) sz(S)] |:Vd(s)] ®)
14(s) —JN2(s) Ni(s) | | Vy(s)
1
Ni(s) = 5 (Y (s +jos) + Y (s — jooy)) C))

1
Na(s) = 2 (Y (s 4 jws) =Y (s — jows)) (10)

At lower frequencies (s — 0), (9) and (10) can be simpli-
fied to (11) and (12).

1
Ni9)~ 3 (Y (oy) + Y™ (jwy)) = Re (Y (wy)}  (11)

1
Na(s) % 2 (¥ (o) = ¥* o)) = Jim (¥ (o)} (12)

In this case, the dq0 model and the model used in
quasi-static networks are equal. Therefore, the dq0 model is
a generalization of the quasi-static model and is applicable
to a wider range of frequencies. Meanwhile, networks that
are not quasi-static, such as IBMGs, have a wider frequency
range in the transient state and cannot be accurately described
by the time-varying phasor model [31]. It is the main motiva-
tion for consideration of the high-frequency effects through
evaluation of iy and relevant rate of change (RoCold) in the
proposed scheme.

B. PROPOSED PROTECTION SCHEME

1) CENTRALIZED APPROACH

Many protection schemes, especially in microgrid protection,
are based on extensive communication links. Fig.6 shows a
sample microgrid equipped with a communication system
in which the information of all relays is sent to the central
server and, then after fault occurrence, the central server
detects the location of the fault by comparing the information
sent from all relays. In this paper, fault location is detected
by comparing RoCold sent by all relays and finding the
relay that has the maximum RoCold. RoCold is calculated
within a half cycle for each relay through (13) by the cen-
tral server. To determine the threshold value for RoCold,
first, in offline studies, various simulations are performed
on the studied microgrid in the PSCAD/EMTDC software
environment during sudden load changes, irradiation fluc-
tuations, and the occurrence of various faults in different
locations with different resistances. Then, by transferring the
data of these simulations to MATLAB software, RoCold is
calculated for all relays in all different simulated scenarios.
According to the calculated values, the maximum value of
RoCold is extracted from all non-fault conditions based on
(14), where RoColdgy ¢ ; is the RoCold of relay i during sud-
den load change scenarios, RoCold,r ; is the RoCold of relay
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FIGURE 9. Test system.

i during irradiation fluctuation scenarios, and RoColdqyx,nf
is the maximum RoCold among all relays during non-fault
conditions. Due to the significant difference between the
value of RoCold in fault and non-fault conditions, (15) is
used to determine the threshold value for RoCold in the
studied microgrid. For secure and selective protection, and
by considering a safety margin, the multiplication factor (a)
is identified as 6. The specified threshold is linked to the
real-time part and in case of changes in the structure and
nominal values of the microgrid, its value will also change.

diy gt +T/2) —i4(t)

RoCold = — = (13)

dt T/2
RoCold,qy,ns = max{RoColdgzc,;, RoColdr } (14)
RoColdy;, = a.RoColdyax, nf (15)

If the maximum value of RoCold is greater than the fixed
threshold value, the central server sends the command to open
the breaker of the associated relay as well as the adjacent
breaker on the same line. Therefore, the faulty line will be
removed from the network. It should be noted that during
high impedance faults (higher than 300€2), the fault current
injected by IIDER would be extremely small and thus, the
RoCold value will not come into action. The flowchart for
centralized implementation is depicted in Fig.7.

2) DECENTRALIZED IMPLEMENTATION

In a decentralized implementation, trip decisions are made by
protective relays associated with the lines equipped with com-
munication links between two ends. In this approach, RoCold
can be incorporated in a hybrid algorithm with a directional
function (Fig.8). In this case, when a fault is detected in the
forward direction by the directional element, and simultane-
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TABLE 2. RoCold during various fault occurrences.

Fault RoCold(A/s) Fault RoCold(A/s) Fault RoCold(A/s)
type &  Relay within a half cycle type &  Relay within a half cycle type &  Relay within a half cycle
location R;=0.012 Ry=10 location R;=0.012 Ry=10 location R;=0.012 R;=10Q
R1 6131.5 4913.2 R1 4647.3 3394.9 R1 4673.2 3918.3
R2 6152.1 4912.7 R2 4450.9 3327.1 R2 4674.0 3918.9
R3 7363.4 5988.2 R3 3369.8 2114.0 R3 3729.2 2928.2
R4 7362.7 5988.1 R4 3370.1 2118.6 R4 3729.6 2927.9
RS 8595.0 7093.3 RS 2290.5 1435.3 RS 2786.9 1935.0
R6 3643.4 2852.0 R6 2290.6 1435.9 R6 2786.4 1934.1
R7 1824.4 1423.7 R7 1144.5 859.1 R7 1389.9 1068.8
ABC-G R8 1824.5 1424.2 A-G R8 1144.7 858.7 AB R8 1390.0 1070.3
(50% of R9 6044.8 4888.1 (30% of R9 4455.0 3105.6 (90% of R9 4524.3 3950.4
line3) R10 6041.5 4889.2 linel) R10 4455.6 3106.7 line8) R10 4524.6 3950.8
R11 42474 3533.1 R11 3303.2 2668.0 R11 5954.3 49243
R12 4248.3 3533.2 R12 3303.6 2668.5 R12 5953.7 4923.6
R13 3018.9 2440.6 R13 2223.0 1607.2 R13 6903.2 5920.0
R14 3019.3 2440.1 R14 2222.5 1607.6 R14 6904.3 5919.5
R15 1814.0 1392.2 RI15 1143.9 856.5 R15 7854.1 6927.3
R16 1815.8 1392.1 R16 1143.8 857.6 R16 1471.5 1101.8
—R5—RS TABLE 3. Maximum values of rate of change of id among all relays for
80 T various faults.
601 1 Fault Fault Maximum Corresponding
type location RoCold(A/s) relay
401 1
Linel 6144.6 R1
> - 1 -
<20 ABC-G  Line3 8595.0 RS
0 O < Line6 7934.7 RI1
w \\ ine .
20 Line8 10365.0 R15
40 I L Linel 4739.9 R1
1.8 2 2.2 24 2.6 2.8 3 .
. A-G .
Time (SGC) Line3 6365.1 RS
Line6 5358.3 RI11
()
Line8 7441.8 R15
60—R10—R13 Linel 5160.4 R1
AB Line3 6528.8 RS
40
l Line6 6077.0 RII
20 Line8 7881.1 R15
—_
< O0f 1
N
0 T together with the local relay decision signal, can set the output
401 1 of the second AND gate, and in that case, the trip command
60 | | will be sent to the corresponding breaker, and the faulty line
1.8 2 22 24 2.6 28 3 will be disconnected from both ends.
Time (sec)
(b)

FIGURE 10. (a) iy values measured with R5 and R8 for ABC-G fault with
Rf = 0.012 in the middle of line 3, (b) iy values measured with R10 and
R13 for the same fault.

ously RoCold becomes greater than a preset threshold value,
a permissive signal is sent to the adjacent relay located at the
other end. At the remote end, the received permissive signal,
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IV. SIMULATION RESULTS

In this section, the performance of the proposed protec-
tion method is investigated. In this paper, PSCAD/EMTDC
v4.5.0 software and MATLAB version 9.5 (R2018b) software
installed on a PC with Intel(R) Core(TM) i15-4200U CPU pro-
cessor and 4.00 GB installed RAM are used for simulations
and calculations. An urban microgrid network in Canada that
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TABLE 4. 1d and RoCold values for sudden load change scenario.

1q(A) RoCold(A/s)
Relay Before After Within
load change load change a half cycle
R1 12.04 23.76 64.8
R2 -12.017 -23.75 66.8
R3 -3.95 4.81 43.0
R4 3.94 -4.83 443
R5 -19.91 -14.04 154.8
R6 19.89 14.11 156.5
R7 -9.95 -7.05 76.8
R8 9.95 7.06 76.8
R9 12.03 23.69 58.3
R10 -12.01 -23.72 61.2
R11 21.98 30.79 138.6
R12 -21.99 -30.77 136.9
R13 5.99 11.84 30.2
R14 -6.00 -11.85 30.7
R15 -9.98 -7.05 77.6
R16 9.96 7.04 79.9
1 ><104‘ ‘
—RS
0.51 iy
@
g 0
-0.5
-l 1 1.‘2 1‘.4 1.6 1‘.8 2 2.‘2 2‘.4 2‘.6 28 3
Time (sec)
(a)
1 rXlO4 i i i i i )
—R§
0.5r 1
@
<0
-0.5
_11 11.2 14 1.6 11.8 é 21.2 5.4 26 28 3
Time (sec)

(b)

FIGURE 11. (a) RoCold variation for R5 during ABC-G fault with Rf = 0.012
in the middle of line 3, (b) RoCold variation for R8 during the same fault.

consists of two 12.47kV feeders with a rating of 8 MVA is
selected as the test case [32]. It has been implemented with
PSCAD/EMTDC software, as shown in Fig.9. In this section,
occurrence of various faults in different locations will be stud-
ied, and the protection speed, as well as the discrimination in
the fault detection, will be investigated.
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—A-G—AB—ABC-G
80 T

60
40 \
20

0 ‘Q:v\—\

-60 ‘
1.8 2 2.2 24 2.6 2.8 3
Time (sec)
FIGURE 12. The comparison of the iy diagram during occurrence of an

ABC-G fault in the middle of L-3, an A-G fault in the middle of L-1, and an
AB fault in the middle of L-8 for R5.

—R1—R4—R7
30 . . ; :
20 7
10
S
0
-10 W/\/r
_20 I I I I
1.8 2 22 24 2.6 2.8 3
Time (sec)
(@
—R10—R13—RI16
20 T
10 1
oF |
=
-101 2
-20 \\
-30 .
1.8 2 2.2 2.4 2.6 2.8 3
Time (sec)

(b)
FIGURE 13. iy for sudden load change scenario (a) measured with R1, R4,
and R7 (b) measured with R10, R13, and R16.

The worst-case scenario is studied here, assuming all of the
DGs, as well as BESS, are in service through power electron-
ics converters. To determine the threshold value for RoCold,
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FIGURE 14. (a) RoCold variation for R1 during sudden load change
scenario (b) RoCold variation for R13 during the same scenario.

according to the flowchart in Fig.7, in offline-studies, several
simulations were performed in non-fault conditions on the
test system shown in Fig.9, and some of the results obtained
from them are presented in section V. Based on these results,
the value of RoColdygy, is determined to be 156.5 A/s,
and according to (15), the value of RoColdy, is considered
to be 940 A/s for this microgrid. In addition, the microgrid
is assumed to operate in steady-state conditions, and the PV
systems are in the standard conditions, i.e. irradiation and
temperature are 1000 W/m?2 and 25 °C, respectively.

In several scenarios, the occurrence of symmetrical and
asymmetrical faults with different fault resistances and in
different locations on the studied microgrid was evaluated.
For instance, the RoCold values measured by all relays in
the microgrid for the occurrence of a three-phase to ground
fault with 0.012 and 10£2 resistances at 50% of the L-3, the
occurrence of a single-phase to ground fault with 0.01<2 and
102 resistances at 30% of the L-1, and the occurrence of a
phase to phase fault with 0.01<2 and 102 resistances at 90%
of the L-8 are given in Table.2. The iy curves measured with
R5 and R8 as well as R10 and R13 during the occurrence of a
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FIGURE 15. iy for irradiation fluctuation scenario (a) measured with R2,
R5, and R8, (b) measured with R9, R12, and R15.

three-phase fault with Rf = 0.01€2 in the middle of L-3 is also
shown in Fig.10. In addition, Fig.11 shows the variation of
RoCold for R5 and R8 during the occurrence of the aforemen-
tioned fault. Furthermore, the comparison of the iy diagram
during ABC-G fault in the middle of L-3, A-G fault in the
middle of L-1, and AB fault in the middle of L-8 is shown
in Fig.12. The maximum values of RoCold measured by all
relays during the occurrence of different solid faults in the
middle of L-1, L-3, L-6, and L-8 are also brought in Table.3.
Based on these simulation results, if the microgrid is equipped
with a communication system and a central server, fault will
be detected and discriminated within a cycle by the proposed
algorithm shown in the flowchart depicted in Fig.7. If the
microgrid is not equipped with the centralized protection,
with the decentralized approach (Fig.8), it is still possible to
take advantage of RoCold, as can be seen from RoCold levels
brought in Table.2. It is observed that, for instance, AB fault
in the middle of L-8 can be detected by R9, R11, R13, R15,
and R16 in forward direction, and as a result, the output of the
first AND gate sets for these relays. However, only R15 and
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FIGURE 16. (a) RoCold variation for R5 during irradiation fluctuation
scenario (b) RoCold variation for R12 during the same scenario.
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FIGURE 17. RoCold variation for R11 during irradiation fluctuation
scenario with and without noise.

R16 receive the permissive signal from the adjacent relay and
send the trip command to the corresponding breakers, and the
faulty line will be disconnected from both ends.

V. ROBUSTNESS TEST OF PROPOSED SCHEME
Under regular operational transients, the protection scheme
should not cause unreasonable interruption. In the net-
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TABLE 5. RoCold values for irradiation fluctuation scenario.

RoCold(A/s) within a half cycle

Relay
Clean signal Noisy signal
R1 54.8 64.5
R2 56.9 66.7
R3 413 46.8
R4 42.7 43.1
RS 71.5 79.6
R6 72.3 80.3
R7 87.2 91.8
R8 87.4 91.9
R9 51.1 57.2
R10 54.3 60.2
R11 103.7 118.4
R12 103.1 117.2
R13 32.6 36.0
R14 34.0 37.6
R15 92.8 104.2
R16 89.7 102.6

100— Load change— Irradiation fluctuation— ABC-G fault

75

50+ | ] o

or /\/J\/\\ _
| o
-25

1.8 2 2.2 2.4 2.6 2.8 3
Time (sec)

(A)

|

FIGURE 18. iy curves measured with R5 for sudden load change,
irradiation fluctuations, and ABC-G fault.

work under study, the most discernable operational tran-
sients potentially susceptible to misleading the protection
are environmental uncertainties, e.g. irradiation fluctua-
tions and sudden load changes. In this section robustness
of the proposed method against these transients will be
investigated.

A. SUDDEN LOAD CHANGE

The proposed protection method is evaluated for a sudden
change in load levels with a simultaneous 20% increase in
the demand values for all loads in the microgrid at t=2s.
Table.4 contains iy values before and after load change and
initial RoCold in the first cycle after the load change. As an
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example, the iy curve and the variation of RoCold for several
relays in the upper and lower feeder of the test system are
shown in Fig.13 and Fig.14 respectively. It can be observed
that the measured values are significantly less than the pre-
set threshold value with a margin of 83.54%, indicating an
acceptable and safe room for secure distinguishing between
erroneous and normal conditions.

B. IRRADIATION FLUCTUATIONS

Here, the robustness of the algorithm against fluctuations
in irradiation is studied. The irradiation level for all PV
systems in the microgrid is simultaneously reduced from
1000W /m? to 500W /m? at t = 2s. The diagram of iy for
R2, RS, and R8 in the upper feeder of the test system as
well as R9, R12, and R15 in the lower feeder is shown in
Fig.15. In addition, the variation of RoCold for R5 and R12
during the occurrence of aforementioned scenario is shown
in Fig.16. Furthermore, to evaluate the effectiveness of the
proposed method in the presence of noise, a white Gaussian
noise with the signal to noise ratio (SNR) of 20 dB was added
to the measured signals in the microgrid. The variation of
RoCold for R11 with and without noise is shown in Fig.17,
and the RoCold values measured within a half cycle by all
relays after the occurrence of the fluctuations in the presence
of noise and without noise, are brought in Table.5. In these
simulations, the maximum RoCold measured with all relays
is 118.4A /s, which is 87.41% less than the preset threshold.
This value is significantly less than the threshold value set for
this microgrid. With this margin, irradiation fluctuations can
properly be distinguished by the proposed protection from
fault conditions. For the purpose of comparison, iy curves
measured with RS are depicted in Fig.18 for some scenarios
under investigation, i.e. sudden load change, irradiation fluc-
tuations, and the occurrence of a three-phase to ground fault
in the middle of L-3.

VI. CONCLUSION AND FUTURE RECOMMENDATION

This study proposes a new protection method based on
the evaluation of the rate of change of iy (RoCold) to
protect islanded inverter-based microgrids (IBMGs) con-
taining both voltage-frequency controlled inverter-interfaced
resources (VF-IIDER) and active-reactive power controlled
inverter-interfaced resources (PQ-IIDER) as IBMG sources.
This parameter contains high-frequency components in the
transient state generated mainly by the converters and hence,
can be deployed for protection purposes in non-quasi-static
networks with low levels of inertia. The proposed method
can be implemented in both centralized and decentralized
approaches. The performance of the proposed protection
method is validated by applying numerous cases, including
symmetrical and asymmetrical faults with different resis-
tances in various locations, as well as non-fault conditions
such as sudden changes in demand levels and irradiation
fluctuation scenarios, simulated on a test IBMG system in
PSCAD/EMTDC environment. Moreover, the immunity of
the proposed method under noisy measurement conditions
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has been proven. The obtained results indicate that the pro-
posed protection method can efficiently distinguish between
fault and non-fault conditions, and detect and discriminate the
faulty part within a cycle of the supply frequency. In order to
improve this work, further studies on high impedance fault
(HIF) detection for islanded IBMGs, evaluation of commu-
nication reliability issues, and performance of the proposed
method during multi-microgrids operation should be consid-
ered for future work.
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