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Abstract: In this research work, an adaptive scheme for the coordinated protection of AC Microgrids
using directional overcurrent (DOCR) relays is presented. Protection of AC MGs is a complex and
challenging issue due to the dynamic nature of the network including, a) its capability to reconfigure
the modes of operation ranging from grid-connected to the islanded mode, c) bidirectional-power
flow capability, and c) integration of intermittent renewable energy resources with real-time
variations in the resource availability. Consequently, the fault current contributions may largely
vary depending upon the incident conditions on the network. Conventional protection schemes,
generally designed for radial networks, and unidirectional power flow from the source end to the
load may either mal-operate or exhibit very poor performance, if not adapted according to the
dynamic conditions of the network. To address this issue, a communication-based adaptive
protection scheme capable to adapt its settings according to the generation resource availability and
network configuration is presented in this work. The proposed scheme consists of an intelligent
central protection unit (ICPU) capable to update the settings and communicate it to the individual
relays based on the pre-calculated offline settings. The directional overcurrent relays employed in
the scheme use two-stage settings, i.e. definite time and inverse definite minimum time
characteristics for the effective coordination among the downstream and upstream relays. An
adaptive algorithm for ICPU operation is presented and a case study is implemented for a modified
IEEE 9-bus system using DigSilent Power factory. The results for various scenarios including, a)
grid-connected mode of operation, b) islanded mode of operation, and c) variable distributed
generation mode are obtained and compared to the static scheme, which validates the effectiveness
of the proposed scheme.
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1. Introduction

Due to worldwide growing demands of sustainable, environmentally friendly, and green
energy, renewable energy resources (RESs) such as wind turbines (WT) and Photovoltaic (PV) are
being deployed extensively [1, 2]. According to the international energy agency (IEA), generation
from renewable energy resources will surpass the generation from coal by 2025 [3]. The integration
and utilization of RESs in the conventional distribution system network developed the concept of
Microgrids (MGs). MGs are emerging as an innovative approach to integrate as well as coordinate
the energy supply from RESs to the utility grid such as grid-connected and operate in islanded mode.

MGs provide countless benefits such as generation and utilization of energy near to consumer
premises (long transmission and distribution line cost can be avoided ), which improves the power
quality (during a weak grid condition), continues the energy supply (if the grid is disconnected),
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enhance the energy efficiency, increases the system reliability, and balance energy supply/demand
by energy sharing (Multiple MGs system) [4, 5]. Regardless of many countless benefits of MGs
systems, there are still various operational and technical challenges that are needed to investigate
such as control, monitoring, energy management, security from cyber-attacks, and protection [5].

The conventional power systems are generally radial in nature, and the flow of power is
unidirectional, i.e. from the source end to the load end. Although differential and distance protection
schemes are also commonly used in conventional power systems [6], however, directional
overcurrent protection schemes are generally employed for the distribution feeder protection.
Therefore, the focus of this work is mainly limited to directional overcurrent protection settings for
the feeder and distribution line protection. These settings mainly include pick-up current, time
multiplier setting (TMS), and coordination time interval (CTI). The conventional distribution network
overcurrent protection schemes with static settings do not take into consideration the impact of
varying network conditions, and therefore cannot be directly applied to MGs. On the other hand,
protection of MGs is complex and challenging due to its dynamic nature including a) multi-mode
operation e.g., grid-connected and islanded modes, b) bidirectional power flow capability, and c)
changing short circuit power due to low and high inertia DGs that results in varying fault current
contributions [7]. Furthermore, low level of fault current in islanded operation, high impedance faults
(HIF), MGs network configuration changes such as connection and disconnection of DGs (plug and
play characteristics) also result in varying fault contributions and short circuit capabilities [7].
Therefore, a protection scheme capable to adapt its settings based on the varying network conditions
is highly desirable to ensure the safe and reliable operation of MGs [7].

Various researchers have worked on the adaptive protection settings for distribution networks
integrated with high inertia-based distributed generation (DG) resources, e.g. synchronous
generators. Mahat et al. [8] proposed a simple and adaptive protection to update the settings of
overcurrent in distribution systems with DGs. As a case study, the authors have used a part of the
distribution network by Himmerlands Elforsyning in Aalborg Denmark. The scheme uses local
information of the variables and therefore avoids communication requirements; however, the
configuration of the network is pre-known and does not change significantly due to the selected
nature of the practical case studies. For distribution networks, having DGs dispersed at different
locations generally requires global information of the network for accurate up-gradation of settings;
therefore, having local information may not be sufficient and communication requirements may not
be avoided for the universal application of this algorithm. Alternatively, Cofelle et al. [9] presented a
communication-based online adaptive protection scheme for active management and islanded mode
of operation for the distribution network. The scheme employs an inverse definite minimum time
(IDMT) over current protection that may adopt its settings based on the mode of operation and
compares its results with conventional overcurrent schemes. The proposed scheme largely relies on
the real-time calculations for updating the settings of the relay. With the higher number of nodes and
bigger size of the network, the proposed algorithm may take a long time to converge to the new
settings, and therefore is not very suitable for larger networks. Alternatively, recently, Memon et al.
[10] proposed an offline algorithm for adaptive protection of radial MGs using IEC 61850
communication standard, however, the proposed scheme is valid for radial MGs only, it does not
cater to the protection needs for the emerging meshed MGs systems. Moreover, many researchers
have also used artificial intelligence and machine learning techniques, e.g. artificial neural networks
(ANN), and fuzzy logic (FL), and other optimization algorithms for the dynamic computation of
overcurrent protection settings [11-14]. However, all these techniques are computationally extensive
and require complicated infrastructural requirements for their real-world application. Based on the
above-presented literature and highlighted limitations, it may be concluded that for effective
overcurrent protection of AC MGs, we need a communication-based adaptive algorithm that can deal
with multiple configurations, computationally less expensive, and is suitable for practical
applications. In line with these requirements, we propose an adaptive directional overcurrent
protection scheme in this work that uses offline computations to update the settings of individual
relays. The careful selection of two-stage settings in directional overcurrent relays allows us to
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achieve improved performance in terms of reduced tripping times. The scheme maintains its
coordination for both islanded and grid-connected modes of operations, and valid for both radial and
meshed/interconnected configurations. Moreover, the proposed scheme also tackles the variations in
renewable distributed generation resource and is simple to implement for practical applications. The
proposed methodology including the DOCR relay setting and adaptive protection algorithm is
implemented by using the IEEE-9 bus system in DigSilent power factory. The simulation result shows
that the method is reliable and can effectively detect fault conditions in a fast, selective, and
coordinated manner.

The rest of the paper is organized as follows. Section 2 presents the proposed method for the
dual setting of DOCR along with the implementation of the proposed adaptive protection scheme.
Section 3 presented the simulation test model and specifications. Section 4 presents the test simulation
results for various operation scenarios. The scheme also compares the results with the static settings
to validate its effectiveness. Discussion of the results is also detailed in this section. Based on the
results and discussions, the conclusion along with some future directions are detailed in Section 5.

2. Proposed Adaptive Protection Scheme Design

Figure 1. shows a generalized N+1 bus MGs model connected to the main grid through the point of
common coupling (PCC) along with the proposed adaptive scheme for the overcurrent protection of
the distribution lines. The MGs contains N number of DG units and loads connected to each bus as
can be seen in figure 1. Moreover, the network is flexible and can be either connected in a radial or
meshed configuration based on the position of the switch. For the protection of each line, there are
two directional relays, where Rfcorresponds to the forward relay and R:corresponds to the reverse
relay.

Intelligent Central Protection Unit (ICPU) DG3

Figure 1: Adaptive Protection Scheme for generalized N-bus Microgrid.

The forward relays are sensitive to downstream faults and coordinates with other downstream
forward relays only. Similarly, the reverse relays are sensitive to upstream faults and coordinates
with other upstream relays only. The pick-up current settings, time multiplier settings (TMS), and
coordination time interval (CTI) for the operation and coordination of each relay are determined
according to the network configuration and operation scenarios as discussed in subsection 2.1. These
sets of settings are computed and stored in the intelligent central protection unit (ICPU). Modern
digital relays have the capability to store up to 8 group settings [15, 16], while ICPU containing the
adaptive algorithm also keeps on monitoring the status of the network and updating the relay
settings using the communication network (shown by the dotted lines). IEC 61850 standard is
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generally employed for the communication among the protective devices [10]. The adaptive
algorithm (presented in subsection 2.2) selects the right sets of setting according to the incident
conditions on the network, and therefore, ICPU updates the relay settings accordingly.

2.1. Dual Stage Settings of DOCR

As shown in figure 1 each line is protected by two relays, i.e. forward relay and reverse relay. For
conventional power systems, generation is largely based on synchronous generators, therefore, short
circuit capacity, fault current contributions from the synchronous generators and the associated relay
settings (Pickup, TMS, and CTI) can be easily determined. The desired protection coordination can
also be easily achieved using single-stage characteristics, i.e. either inverse characteristics or definite
time characteristics. However, due to the dynamic characteristics of MGs, short circuit contribution
is largely varying due to intermittent RESs and power electronics inverter interfacing. Moreover,
mode of operation, i.e. grid-connected or islanded will also largely affect the short circuit
contributions, for example, the short circuit current contribution in the grid-connected mode will be
very high due to the large short circuit capacity of the grid, and is very small in the islanded mode
due to limited short circuit capacity of the interfacing inverters. Also, the DG size, its location, fault
type, and direction of the fault results in varying fault current contribution in the MGs. Therefore,
single-stage settings are not feasible for microgrid operation. Alternatively in this scheme, we have
employed dual-stage settings to deal with the varying short circuit contributions and also to maintain
the desired coordination among upstream and downstream relays. The Figure 2. Shows the
characteristics curve for the dual setting of DOCR, where stage 1 corresponds to the IEC 60255
standard inverse time relays characteristics [17] and is used for protection against short circuits and
overloads, i.e. pickup time is inversely proportional to the fault current. The pick-up time of stage 1
is set according to (1) based on the line loading determined through the power flow analysis, while
its time characteristics are set according to the ratio of fault current seen by the relay and maximum
fault current as shown in (2).
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Figure 2: dual-stage settings of DOCR.
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Where, i subscript corresponds to the i relay in N bus MGs model (refer to figure 1), and 1 superscript
corresponds to stage 1. So, I, is the pickup time of i** forward (Ri) or reverse (Rir) relays for stage 1,
ILiis the loading of the line loading current of i* line, determined through power flow analysis, and
k1 is the allowable overloading threshold ranging from 0.5 to 1.
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Where Top,i! is the trip time for i forward (Rf) or reverse (Rr) relays for stage 1, TMS is the time
multiplier setting for i* Relay is stage 1, Ir.i is the fault current seen by the i* relay, A and B are the
constants based on which the slope of Inverness may be varied from standard inverse to extremely
inverse characteristics. In the scope of this work, we have kept the characteristics to standard IEC
inverse settings [17].

Similarly, stage 2 corresponds to the DTOC characteristics, its pickup time is determined using short
circuit faults computed by short circuit analysis. Since fault current may vary based upon the type of
fault, therefore we have adjusted the pickup settings for i** forward or reverse relay according to the
minimum short circuit fault Ir mini, which is also the boundary for two stages as shown in figure 2.

l. . .
2 _ 7 Fminji
I =5 (3)

The tripping logic for the dual-stage DOCR is shown in figure 3, where the combination of DTOC
(IEEE/ANSI-50), and DOCR (IEEE ANSI-67) is coordinated through OR and AND gates.
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Figure 3: Trip logic for dual-stage DOCR.

The relay current transformer (CT) and voltage transformer (VT) measures current and voltages
according to the predefined turn ratio settings, and the directional element decides the direction of
the fault to be observed, either in the forward or in the reverse direction, based on whether its a
forward relay or reverse relay in the network.

Lastly, the coordination settings of all the forward and reverse relays are determined using the
coordination time interval between 0.3 and 0.4 seconds as specified by IEEE 242-2001 [18]. For stage
1 forward relays the relay at the farthest end is to be chosen as fastest, so according to IEC standard
relay characteristics curves, TMS is selected as the lowest, i.e. 0.05, and operating time is determined
using (2). The TMS for the consecutive upstream relays working in the forward direction is
determined using (4).
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Similarly, for reverse relays, the nearest relay, is considered as the fastest with the lowest value of
TMS, and the downstream reverse relays are designed using (5).
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For Stage 2, since we have definite time characteristics, therefore, CTI is maintained using a relatively
lower value of CTL Therefore, trip time for each consecutive forward upstream and each reverse
downstream relay is given by (6):

Tya=T,,+CTl ;Vie[2,N] (6)
T(;JM = Tofm. +CTI ; Vi e[l,N—l] )

The trip time, TMS, and pickup times selected according to (1) - (7) ensure that proper coordination
is maintained such that if one of the relays becomes faulty, or is unable to detect the fault, the
consecutive relay waits for the defined time and then generates the backup tripping action as will be
demonstrated in the result section.

2.2. Offline calculations and Adaptive Algorithm

As discussed earlier, the main challenge with the microgrid overcurrent protection is due to its
dynamic nature, its capability to operate in islanded as well as grid-connected mode, and the
presence of DGs that may contribute to short circuit power in forward as well as reverse directions.
Therefore, based on various possible configurations, and general operation scenarios, relay settings
are calculated using (1) — (7) and following the flow chart shown in figure 4. The major steps involved
in offline calculations are network identification, which corresponds to the state of the network,
whether it is grid-connected, or islanded. The second step involves network parameter estimations
including the capacity of DGs and their location in the network. It should be highlighted that the fault
contribution from DGs is highly contingent on its location, particularly in the islanded mode.
Therefore, the presence of DGs, their capacities, and location are determined in this step. Moreover,
other network parameters including interconnection impedances are also determined in this step.
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Figure 4: Offline Settings for N-bus Microgrid DOCR.

Once the network parameters are determined, the next step involves load flow and short circuit
analysis. Generally, computer programs are used for load flow (LF) and short circuit (SC) analysis,
that model the microgrid system in terms of equivalent impedances, slack bus, voltage-controlled
bus, load bus, and equivalent sequence circuits. PF calculates respective bus voltages, branch
currents, and line losses. Various standard power flow algorithms, e.g. Newton-Raphson (NR),
Gauss-Seidel (GS), etc. [19], and extended power flow algorithms [20] can be used for LF, however,
for the simplicity of analysis, we have employed the built-in power flow models available in DigSilent
Powerfactory. Similarly, for short circuit analysis, symmetrical components and sequence circuit-
based computer programs may be employed, however, within the scope of this work, we have used
the built-in power factory NR method for the short circuit studies model [21].

Once line loadings and fault current computations are available the dual-stage settings for IDMT and
DTOC elements are performed as described in section 2.1. The procedure is repeated for all relays in
the microgrid model for potential possible configurations, and are stored in the memory of ICPU as
shown in figure 4.

During the operation of the microgrid, the ICPU keeps on monitoring the network status as well as
the status of DG availability (based on the circuit breaker status), DG protection itself is quite an
extensive topic [22] and is not covered in the scope of this paper, hence we have assumed that the
internal protection of DG is well in place and operational. Any fault in the DG will disconnect it for
the microgrid network and ICPU will be able to detect this through the status of the circuit breaker.
Similarly, ICPU can also distinguish between grid-connected and islanded modes of operation based
on the circuit breaker installed at the point of common coupling (PCC). There exist many advanced
methods for islanding detection [23], however, to keep the focus of the work well defined with the
scope of DOCR protection, we have assumed that the islanding detection algorithm is well in place
and operational, therefore, ICPU can detect islanding based on the status of the circuit breaker
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available at the PCC. Referring to Figure 5, during the operation, the network changes will be
detected by ICPU, and accordingly offline settings will be adopted for the incident conditions. The
procedure keeps on repeating throughout the operation of the microgrid and the algorithm in figure
5 allows adapting the settings of the DOCR according to the incident conditions. It should be
mentioned that in case if no change is detected the algorithm retains its previous settings, and
therefore relay adapts new setting only if there are any significant changes in the network, i.e.
transition from grid-connected mode to islanded mode or due to the addition/ loss of DG unit.

Start
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Network Status Detection / CB Status

If any change is
detected in network
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Offline setting are
valid - Grid connected
settings
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Network configuration
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|

Refer to o offline flow
Chart 1 database

|

Adaption of group setting
for new network
configuration

l

Setting of Ip and TMS of
Ry and Rrj

l

CTI

Figure 5: Adaptive algorithm for the overcurrent protection of N-bus Microgrid.

3. Test Model Parameters and Case Studies

3.1. Simulation Model Parameters and Case studies

In order to validate the proposed methodology, the protection scheme presented above is
implemented on the modified IEEE- 9 bus model [24, 25] and simulated in DigSilent Power Factory
2020. The model consists of four DGs, 9 buses, eight general types of load, and is connected with the
utility grid at PCC as shown in figure 6 (a). Detailed specifications of the network parameters
considered for the simulation are presented in Table 1. Three sample configurations of the test model
in operation scenarios are shown in figures 6 (a) to (c). Figure 6 (a) shows the model in the grid-
connected mode of operation whereas all four DGs are connected. In figure 6 (b), two arbitrary DGs
(DG 2 and DG 4 are offline (out of service ). While in figure 6 (c), the network is operating in islanded
mode, whereas all four DGs are connected in the system and the utility grid is offline. For these three
sample cases, the LF and SC analysis are performed as described in section 2.2 and figure 5. The
detailed values of LF and SC analysis are tabulated in Appendix 1.
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Table 1: Model and simulation parameters
Model Parameters Values
Utility Grid Maximum and minimum short circuit powers (300 MVA and 250 MVA)
DGs (1 to 4) (2.77 MW 0.9 PF)
Type- 4 wind turbine Maximum and minimum short circuit powers (5.5 MVA and 2.5 MVA)

T1 (47 MVA, 33 kV/ 11 kV),

Transf TitoT
ransformers (1 to Ts) To, Ts, Ts, Ts (2.8 MVA 11 kV / 0.4 kV)

Loads (L1 to Ls) (1 MW, 0.1 MVar)
Lines (line 1 to Line 8 ) 0.1529+0.1406 /km, each line is 0.5 km long
o5, g}
T
@ = ®
Rﬂ
"
pcC Ly
. ®
Utility Grid 1 R,
—
RIS
Ts l
Lg
DG,

_.
&

Figure 6 (b): Two DGs offline (Case study 2) Figure 6 (c): Islanded mode (case study 3)

3.2. Relay Fault Current Analysis and offline settings:

The above case studies are shown in Fig: 6 (a), (b), (c) are simulated for a 3 phase bolted fault condition
of 0,1 Q in each bus as well as in the middle of each line. Short circuit analysis is performed in Power
Factory DigSilent software. For each case study the maximum and minimum short circuit current,
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voltage, and power values are recorded. With the help of short circuit data, the fault current seen by
each forward and reverse relay for line 1 to line 4 for all three cases (case 1, case 2, and case 3) are
given in Tables 2 to 4 respectively.

Table 2: Case 1 (Grid-Connected); Fault current at each forward and reverse relay for line 1 to line 4

F4 Fault F3 Fault F2 Fault F1 Fault
Current (A) Current (A) Current (A) Current (A)
Rn 5689 Rn 6243 Rn 6883 Rn 7623
Rn 5689 Rn 6243 Rn 6883 Rn 503
Rp 5901 Rp 6471 Rp 7131 Rp 243
Rr 5901 Rr2 6471 Rr 244 Rr2 243
Rp 5890 Rp 6464 Rp 250 Rp 250
R 5890 R 0,251 R 250 R 250
Rp 6134 Rp 0,006 Rp 0,006 Rp 0,007
R 0,005 Rn 0,006 R 0,006 R 0,007

Table 3: Case 2 (Grid-Connected with two DGs); Fault current at each forward and reverse relay for
line 1 to line 4

F4 Fault F3 Fault F2 Fault F1 Fault
Current (A) Current (A) Current Current (A)
(A)
Ru 5556 Ru 6083 Rp 6701 Rp 7407
R 5526 Ru 6083 Ri 6701 Ri 0,267
Rp 5819 Rp 6352 Rp 6977 Rp 0,019
Rr2 5819 Ri 6352 R 0,017 R 0,019
Rp 5808 Rp 6345 Rp 0,012 Rp 0,013
Ri3 5808 Ris 0,011 Ri3 0,012 Ri3 0,013
Ru 5801 Ru 0,005 Rp 0,006 Rp 0,006
Ru 0,005 Ru 0,005 Ru 0,006 Ru 0,006

Table 4: Case 3 (Islanded Mode); Fault current at each forward and reverse relay for line 1 to line 4

F4 Fault F3 Fault F2 Fault F1 Fault
Current (A) Current (A) Current (A) Current (A)

Ru 496 Ru 502 Rp 507 Ru 512

Rn 496 Rn 502 R 767 Rn 514

Rp 751 Rp 759 Rp 256 Rp 254
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Rr2 751 Rr2 759 Rr2 257 Rr2 254
Rp 749 Rp 758 Rp 257 Rp 255
R 749 R 275 R 275 R 255
Rp 1007 Ry 0,001 Rp 0,001 Ry 0,001

This information is critical to determine as the decision taken by each relay depends upon the value
of the fault current it observes. Though there are 8 lines and 2 feeders in the model as shown in figure
6, however, due to similarity in structure and to make the analysis simpler, the load and DG power
in both feeders are kept similar. Therefore, for the purpose of presentation, fault levels are shown
only for feeder 1 relays from linel to line 4. For instance, in each table (Tables 2 - 4), F1, F2, F3, etc.
corresponds to the fault in the corresponding line such that F1 denotes the fault in line 1 as shown in
figures 6 (a) to 6 (c). Similarly, Ra corresponds to the fault level seen by the forward relay at bus 1,
and R corresponds to the fault level seen by the reverse relay at bus 1.

Figures 7 (a) to 7 (c) present the pictorial representation of fault current seen by each relay for faults
at F1 to F4 as shown in figure 6. It may be emphasized that in the case of the conventional radial
power system, fault levels of the subsequent relays follow the decreasing sequence, as we move from
the source end to the load end. Therefore, it is very simple to configure the coordination of these
relays, when DGs are not connected. However, in the case of microgrids, relays do not follow the
sequence of increasing or decreasing currents at the subsequent neighboring relays, as DGs can also
contribute to the fault current. For instance, it can be seen in figure 7 (a), for case 1, i.e. in the grid-
connected scenario, the fault current seen by the forward relay Rs (green colored bar) is lowest in the
start, increases in line 3, and then again decreases. This is due to the current contribution by DG2.
Therefore, it is essential to configure these relays based on their respective LF and SC data, and
thereby adjust their TMS to ensure the standard CTI, as defined by the adaptive algorithm presented
in figure 5. A similar random trend of current contribution by DGs and associated relays in
subsequent lines can also be observed in other cases, i.e. for case 2 (grid-connected with two DGs)
and case 3 islanded mode of microgrid operation.

8000 MRfl MRf2 MRf3 MRf4

7000
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4000
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2000
1000
f1 f2 f3 fa

Current (A)
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Figure 7. (a): Fault current seen by each forward relay during faults at different lines for Case 1:
(Grid-connected mode of operation); (b): Fault current seen by each forward relay during faults at
different lines for Case 2: (Grid-connected with two DGs); (c): Fault current seen by each forward

relay during faults at different lines for Case 3: (Islanded mode of operation)

Moreover, from figures 7 (a) to 7 (c), it can be observed that the current levels seen by each relay for
case 3 are significantly lower as compared to case 1 and case 2. This is because the main source of
short circuit power, i.e. grid is not available and the microgrid is operating in the islanded mode of
operation. Likewise, the fault currents and relay currents are analyzed for the second feeder from
lines 5 to 8 for the corresponding forward and reverse relays. These faults current and relay currents
are utilized to determine the pickup current and TMS settings as explained in design section 2. The
designed values of dual-stage IDMT and DTOC characteristics) for the presented case studies are
shown in tables in Tables 5 to 7. It is also highlighted that the table presents the data for active relays
only in a given configuration, for instance in all these tables, stage-2 (DTOC characteristics) are
inactive. Similarly, for case 3 in Table 7 (islanded mode of operation), stage-2 is not required due to
low currents, as the main source of high short circuit power, i.e. grid is unavailable.
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Table 5: Pickup current and TMS for dual-stage DOCR for Case 1: (Grid-connected)
DTOC Pickup T™S? IDMT Pickup TMS2 (s)
Relay Current Ipu? Relay Current Ipu?
(Stage-2) (A) (Stage-1) (A)
Re 2420 0.35 Ra 440 0.42
Ru 167 0.05
Re 2270 0.25 Re 320 0.32
Rr2 81 0.11
Rs 2060 0.15 R 210 0.20
Rss 83 0.15
Ru 1950 0.05 Res 110 0.05

Table 6: Pickup current and TMS for dual-stage DOCR for Case 2: (Grid-connected with two DGs)

DTOC Pickup TMS? IDMT Pickup TMS2 (s)
Relay Current Ipu? Relay Current Ipu?
(Stage-2) (A) (Stage-1) (A)
Ra 2360 0.35 Ra 210 0.5
Rn 80 0.05

Re2 2190 0.25 Re2 320 0.32
Res 2010 0.15 Res 210 0.20
Rea 180 0.05 R 110 0.05

Table 7: Pickup current and TMS for IDMT relays for Case 3: (Islanded Mode)

IDMT Relay Pickup Current Ipu? (A) TMS? (s)
(Stage-2)
Ra 170 0.19
Rn 171 0.05
Re 260 0.15
Rr2 85 0.09
Re 250 0.09
Res 86 0.14
Re 110 0.05

4. Results and Discussions

In the previous section, the offline calculations and dual-stage settings for DOCR for the overcurrent
protection of IEEE 9-bus microgrid model have been computed. These settings have been stored in
ICPU, and the offline algorithm (Fig. 5) adapts the respective settings based on the network
configuration and incident scenario. Consequently, various scenarios have been evaluated after the
application of the fault. Since the three-phase bolted fault is the most severe in the AC power system,
therefore, the comparative simulations have been performed under the application of three-phase
faults. The result section starts with the demonstration of the utility of two-stage settings over static
single-stage settings. As discussed in the design section, two-stage settings allow us to achieve a
lower tripping time, while maintaining the coordination among the neighboring relays.

Figure 8 (a) shows the characteristics curve for the setting of IEC inverse relay (IDMT) for grid
connected-mode of operation when a fault is applied at line 4, i.e. F4+ (shown in figure 5). Similarly,
figure 8 (b) shows the characteristic curve and tripping of the dual-stage setting with IDMT along
with the DTOC characteristics. From Figures 8 (a) and 8 (b), it may be observed that during this fault,
the forward relay Rg, sees a current of 6.134 kA. This will generate the tripping signal and the overall
relay operation time for clearing the F: fault is 0.09s for both single-stage and dual-stage relays.
However, if for some reason Ru does not operate, Rs will wait for CTI and will come into action to
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clear the fault. This trip time is significantly lower for the two-stage relay, i.e. 0.180s (figure 8 (b)), as
compared to the single-stage IDMT relay, for which trip time is 0.406s (figure 8 (a)). This lower trip
time has been achieved using relatively smaller CTI for the DTOC characteristics, i.e. 100ms.
Therefore, two-stage characteristics allow us to achieve lower tripping time, consequently, the fault
will stay in the microgrid system for a lower time, and associated hazards will be relatively lower.

100 6133.99 Rys 160 T || é133989A — R,
Rp Rp
Rp —i
=z
2 z
E o
= €
® =5
£ B 1:20s ("
® . 0.746 s £
8 ~ 1]
o 8 0.280s
o
0.099 s
0.080s
0.01 0.01]
100 1000 10000 100 1000 10000
—
Pickup Current (A) Pickup Current (A)

Figure 8: Characteristics curves for fault at line 4 for case 1 (grid- connected), (a): one-stage IDMT
relay and (b): two-stage DOCR

These coordination settings have been further illustrated through figures 9 and 10. In these figures,
forward relay Ru is kept out of service, and fault current characteristics seen by the forward relay Ry
are plotted for both single-stage and dual-stage settings. Moreover, for the detailed comparison,
electromagnetic (EMT) simulations are also shown. Figure 9. shows the relay characteristics and EMT
simulation for single stage relay, while figure 10 shows the relay characteristics and EMT simulation
for dual-stage stage relay. From the comparison of figures 9 and 10, it may be confirmed that for both
EMT and RMS simulations (relay characteristics curve), dual-stage has lower tripping time, therefore
exhibits superior performance in comparison to single stage relay.
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Figure 9: Fault at line 4, coordinated by the single-stage forward relay Rrs for case 1 (grid-
connected), (a): characteristic curve, (b): EMT simulation
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Figure 10: Fault at line 4, coordinated by the dual-stage forward relay Rrs for case 1 (grid-connected)
(a) characteristic curve, (b) EMT simulation

In the next scenario, grid-connected configuration with two DGs disconnected (case 2), static
protection settings are compared with the proposed adaptive settings for fault Fs in figures 11 (a) and
11 (b) respectively. Static settings imply that, though the relays are dual-stage, they are unable to
update their settings with respect to the mode of operation, i.e. they do not encounter the effect of
DG disconnection and these relays are still operating with the dual-stage grid-connected settings of
the case 1. Alternatively, the proposed adaptive algorithm encompasses the effect of DG
disconnection and updates the settings of the relays as discussed in section 2.

} '
Fault period ' : Fault period

Normal operation CB tripping

Current (kA)
Current (KA)

|
—
'

1CB tripping|

10 |Normal
1 '
operation |

Time (s) Time (s)

Figure 11: Fault at line 3, coordinated by the dual-stage forward relay Rrs for case 2 (two DGs
disconnected) (a) static dual-stage settings, (b) adaptive dual-stage settings

From the analysis of both settings in figure 11, it may be observed that the disconnection of two DGs
does not affect the settings significantly. Consequently, the trip time achieved through the proposed
method is somewhat similar to the static scheme. This is because DGs have a very small short circuit
capacity in comparison to the grid, therefore, overall tripping time does not change significantly in
this scenario.

However, an absence of the grid in the case of the islanded mode of operation (case 3) will drastically
change the scenario. Figure 12 shows the comparison between static settings and the proposed
adaptive settings in the islanded mode of operation for a fault at bus 3. Again, static settings do not
take into account the network dynamics, therefore, dual-stage relays are still configured with the
same old setting as for case 1, and case 2. Alternatively, the adaptive settings update the pickup
currents and TDS of relays following the proposed algorithm as shown in figure 5 and Table 7.
From the comparison of figure 12 (a) and 12 (b), it may be observed that for the same level of fault,
forward relay Rss clears fault much earlier in the proposed adaptive settings (Fig. 12 (b)) compared
to the static settings shown in Figure 12 (a). Therefore, it may be concluded that the proposed
algorithm allows achieving better protection performance in accordance with the dynamically
changing network conditions.
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Figure 12: Fault at line 3, coordinated by the dual-stage forward relay Rrs for case 3 (islanded mode
of operation) (a) static dual-stage settings, (b) adaptive dual-stage settings

5. Conclusion

An adaptive scheme for the overcurrent protection of AC microgrids using dual-stage DOCR is
presented in this work. It has been demonstrated that the proposed scheme has the capability to
dynamically configure the settings of its relays based on the changing network conditions. The
operation of the scheme is demonstrated in grid-connected, islanded and variable distributed
generation scenarios have been demonstrated. The up-gradation of DOCR settings in the proposed
scheme allows us to reduce the tripping times of the relays, thereby reduce the associated high-
current hazards in the system. Moreover, the proposed scheme also maintains the desired
coordination for backup relaying applications. The proposed scheme may be further extended to
online/ hybrid offline-online adaption, using programmable numeric relays hardware-in-loop HIL
platforms.
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Appendix A
Table Al: Short Circuit Analysis for case study 1: Grid Connected operation of AC Microgrids

Case 3 Max. Min, Voltage at Voltage at Short Short
(Islanded Short Short bus(during bus (during circuit circuit
with all Circuit Circuit max short min short power power

DGs) Current Current circuit) circuit max min
(kA) (kA) (kV) (kV) (MW) (MW)
Bus 1 8,532 8,19 1,48 1,42 162,60 156,10
Bus 2 7,75 7,44 1,34 1,29 147,64 141,67
Bus 3 7,03 6,73 1,22 1,17 133,98 128,23
Bus 4 6,24 6,12 1,11 1,06 122,33 116,66
Bus 5 5,86 5,57 1,02 0,96 111,68 106,08
Bus 6 7,75 7,44 1,34 1,29 147,64 141,67
Bus 7 7,55 7,20 1,31 1,25 143,83 137,09
Bus 8 6,84 6,49 1,18 1,12 130,26 123,69
Bus 9 6,20 5,86 1,07 1,02 118,13 111,71
Linel 8,13 7,80 0,81 0,78 154,83 148,65
Line2 7,38 6,66 0,74 0,71 140,53 134,69
Line3 6,71 6,06 0,67 0,64 127,92 122,22

Line4 6,13 5,54 0,61 0,58 116,79 111,15
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Line5 8,13 7,80 0,81 0,78 154,83 148,65
Line6 7,65 7,32 0,77 0,73 145,84 139,51
Line7 7,18 6,83 0,72 0,68 136,74 130,09
Line8 6,50 6,16 0,65 0,62 123,93 117,43

Table A2: Short Circuit Analysis for case study 2: Grid-Connected Mode with two DGs

Case 3 Max. Min. Voltage at Voltage at Short Short
(Islanded Short Short bus(during bus (during circuit circuit
with all Circuit Circuit max short min short power power
DGs) Current Current circuit ) circuit max min
(kA) (kA) kV) (kV) (MW) (MW)
Bus1 8,05 7,70 1,39 1,33 153,29 146,79
Bus 2 7,30 6,99 1,26 1,21 139,08 133,12
Bus 3 6,62 6,32 1,15 1,09 126,10 120,39
Bus 4 6,04 5,74 1,05 0,99 114,99 109,40
Bus 5 5,53 5,24 0,96 0,91 105,44 99,93
Bus 6 7,30 6,99 1,26 1,21 139,08 133,12
Bus?7 7,12 6,77 1,23 1,17 135,59 128,96
Bus 8 6,48 6,14 1,12 1,06 123,46 117,03
Bus 9 5,90 5,58 1,02 0,97 112,49 106,22
Linel 7,66 7,33 0,77 0,73 145,91 139,73
Line2 6,74 6,64 0,69 0,66 132,33 126,52
Line3 6,32 6,02 0,63 0,60 120,32 114,68
Line4 5,64 5,48 0,58 0,55 110,03 104,48
Line5 7,66 7,33 0,77 0,73 145,91 139,73
Line6 7,21 6,88 0,72 0,69 137,42 131,15
Line7 6,78 6,44 0,68 0,64 129,27 122,74
Line8 6,18 5,85 0,62 0,58 117,75 111,40

Table A3- Short Circuit Analysis for case study 3: Islanded Mode Operation of AC Microgrids

Case 3 Max. Min. Voltage at Voltage at Short Short
(Islanded Short Short bus(during bus (during circuit circuit
with all Circuit Circuit max short min short power power
DGs) Current Current circuit) circuit max min

(kA) (kA) kV) kV) (MW) (MW)
Bus1 1,02 1,02 0,18 0,18 19,52 19,51
Bus 2 1,02 1,02 0,18 0,18 19,52 19,51
Bus 3 1,02 1,02 0,18 0,18 19,40 19,38
Bus 4 1,01 1,01 0,18 0,17 19,27 19,25
Bus 5 1 1 0,17 0,17 19,02 18,99
Bus 6 1,02 1,02 0,18 0,18 19,52 19,51
Bus?7 1,02 1 0,18 0,18 19,51 19,50
Bus 8 1,02 1,02 0,18 0,18 19,38 19,36
Bus 9 1 1 0,17 0,17 19,13 19,10
Linel 1,02 1,02 0,10 0,10 19,52 19,51
Line2 1,02 1,02 0,10 0,10 19,46 19,44
Line3 1,01 1,01 0,10 0,10 19,33 19,31
Line4 1 1 0,10 0,10 19,14 19,12
Line5 1,02 1,02 0,10 0,10 19,52 19,51
Line6 1,02 1,02 0,10 0,10 19,52 19,51

Line7 1,02 1,02 0,10 0,10 19,45 19,43
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Line8 1,01 1,01 0,10 0,10 19,25 19,23
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