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Abstract: A ring-connected microgrid cluster can be formed by connecting geographically closed
microgrids for mutual power sharing to increase the system's reliability. Real-time power balance
within individual microgrids and power sharing among the microgrids of an islanded microgrid cluster
would be challenging during contingencies if they are not properly sized and controlled. We propose
a technique to design a ring-connected microgrid cluster that has several distributed energy resources.
The amount of power flow via interconnecting cables was decided considering the size of the energy
storage of the neighboring microgrids. A control system was designed to minimize the effect of severe
transients in the neighboring microgrids in the network. The performance of the proposed technique
was verified using a ring-connected microgrid cluster with four microgrids derived based on a real
distribution system. The results illustrated that the proposed ring-connected microgrid cluster could
maintain the power balance of the networked microgrid during the contingencies of neighboring
microgrids, increasing the resiliency of the system compared to the radial and islanded operations.

Keywords: energy management; energy storage; microgrid cluster; reliability; renewable power;
resilience

1. Introduction

Penetration of renewable generation is increasing due to the increased awareness of the necessities
for sustainable development with the learned negative impacts of global warming and environmental
pollution. Microgrid clusters have emerged as a solution for facilitating high penetration of renewable
energy sources locally to the distribution network [1,2]. Also, microgrid clustering offers further
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advantages such as improved reliability, resiliency, and reduction of operating cost compared to the
isolated operation of individual microgrids [1,3,4]. Microgrid cluster forms a physical network to
achieve local and global objectives through the interaction between the microgrids, and the main grid.
The layout of the microgrid cluster depends on the requirements and agreement among microgrids.
Microgrid clusters can be classified into three types based on the layout: 1) Radial connected, 2) ring
connected, and 3) mesh connected. In the radial-connected microgrid layout, all the microgrids are
connected in parallel to the main grid. The ring layout considers a concept where each microgrid is
connected to the adjacent two microgrids in the shape of a ring; and energy and information can be
shared between them [5,6]. All microgrids in the cluster are interconnected with each other in the mesh
layout, making a complex network [7,8]. In other words, each microgrid is connected to all neighboring
microgrids through a power transmission and communication network. Compared to the radial layout,
ring and mesh layouts offer better scalability, reliability, and stability due to the comparatively higher
interconnections among individual microgrids. However, the control and protection of such systems
have become complex [2].

Power distribution systems are vulnerable to extreme disruptions and thus, they become the
vulnerable part of the electrical power system leading to brown-outs. A resilient power system can
prepare, respond, and recover rapidly from major disturbances due to extreme events such as severe
weather and climate changes, and catastrophic man-made incidents. Distribution systems with high
penetration of solar PV integration are continually threatened by extreme changes in weather
conditions and operational conditions [9]. A microgrid can provide more sustained power supply to
local consumers through energy management of the on-site distributed energy resources during
extreme events. Furthermore, microgrid clusters allow power sharing among each microgrid to balance
the load. Therefore, with interconnections among each other, microgrid clusters present a higher level
of resiliency and flexibility during extreme events. Existing resilience enhancement strategies can be
divided into two categories: 1) Planning strategies to protect against contingencies and 2) operational
strategies to minimize load shedding and improve load restoration. Planning strategies involve sizing
of distributed energy resources (DER) and are associated with investment, which makes them cost
intensive compared to operational strategies [10].

Economics is the most common criterion considered in the planning and designing of microgrid
clusters. Sizing the components of a microgrid cluster is an important requirement for the efficient and
economic use of renewable resources. A microgrid cluster during networked operation increases the
overall profit with optimally sized network components. In [11], a framework to increase the resilience
of the microgrid cluster during the designing stage is presented. The system is derived based on a
distribution system. The model is formulated to find the best location to connect DERS in the
microgrids to reduce the load shedding of the system during extreme events. However, in this study,
microgrids do not have fixed boundaries, and islanded zones upon contingencies are taken as
microgrids. Thus, cooperative operation of a networked microgrid cannot be expected. The study
presented in [12] proposes a bi-level optimization model to enhance the reliability and resilience of a
microgrid cluster considering the optimal sizing of the energy storage system. The model is formulated
to maximalize the annual net profit. Reliability and resilience constraints are formulated to ensure
resilience operation under extreme fault scenarios. A three-level model is proposed in [10] to analyze
the resilience and cost of a microgrid cluster with the optimal sizing of the components. The first level
of the model is used to maximize the profit while the second and third levels are used to capture
resilience. The study presented in [13] proposes a two-stage procedure to optimally size the
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components of an isolated microgrid cluster. In the first stage, components are sized for the optimal
operation of each microgrid during their islanded operation. In the second stage, a factor based on the
operating reserve and the load profile of each microgrid is used to identify the possible capacity
reduction of resources during the network operation. In [14], a three-level model is proposed to size
and position mobile storage systems in a radial microgrid cluster to increase system resilience. A
genetic algorithm is used to optimally size and locate the energy storage system in each microgrid.
The consensus algorithm is used to obtain the power-sharing between microgrids to reduce load
shedding. In recent years, multi-objective optimization based on game-theoretic technique has been
used to optimize different conflicts in a microgrid cluster [15,16]. A multi-objective problem using
Objective Particle Swarm Optimization to minimize the cost and increase the reliability of a
mesh-connected microgrid cluster is presented in [15]. The ideal sizes of renewable sources and
batteries are selected to facilitate the peer-to-grid (P2G) and peer-to-peer (P2P) energy trading schemes
based on a proportional sharing scheme. A game theory-based technique is proposed in [16] to
facilitate peer-to-grid (P2G) energy trading combined with a peer-to-peer (P2P) energy trading scheme.
Also, the model is optimized to optimally select the size of solar PV, wind, and battery, and achieve
the maximum payoff from a microgrid network. In case of extreme events such as faults, the affected
microgrid normally disconnects from the network operation [17], and this causes a lack of power
availability and transients in the other microgrids in the network. It can lead to challenges in supplying
continuous power to customers, and survivability over a long time horizon [18]. Therefore, additional
constraints are required during the sizing of the components of each microgrid such as the maximum
continuous discharge power of the battery, the capacity of the inverter, the DC link capacitor, and their
response time in the energy storage system.

The reported literature discussed above are focused only on sizing the resource(s). As presented
in [2], ring-connected operation of a microgrid cluster facilitates energy resources-sharing among
microgrids, which improves self-sufficiency and reliability. The consumers in a microgrid cluster
therefore, could enjoy uninterrupted power for a comparatively longer time duration even at severe
system blackouts caused by natural disasters or system faults. A microgrid experiencing a power deficit
can import power from the other microgrids with excess power to meet the demand. This concept of
regulating the power flow among the microgrids in a ring or mesh microgrid cluster at the energy
management layer is not considered in the reported studies.

Although research on the operational strategies to improve the resilience of ring-connected
microgrid clusters is limited, related work on radial microgrid clusters is reported. Studies presented
in [19,20] have used the energy stored in the electrical vehicles connected to the microgrids to
minimize load shedding during extreme events to increase the resilience of radial microgrid clusters
without integrating additional power capacity into the network. The study presented in [21], proposes
a three-stage stochastic programming-based approach for resiliency-oriented scheduling of a radial
connected microgrid cluster to minimize the operating cost, and uncertainties of the renewable power
generation and unintentional islanding are embedded in the model. A bi-level optimization algorithm
is proposed in [22] to facilitate the pricing for an islanded microgrid cluster. The model is transformed
into single-level mathematical programming with equilibrium constraints (MPEC) using
Karush-Kuhn-Tucker (KKT) conditions and different linearization tricks. Uncertainties from
renewable power generation and non-flexible generation are integrated. The study presented in [23]
presents a stochastic-information gap decision theory (IGDT) formulation for the optimal scheduling
of isolated microgrids considering component failure to improve resilience. Uncertainties are
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integrated into the model, and IGDTs consider the failure of the components in a robust fashion.
In [24], a three-stage bidding strategy is proposed for a microgrid cluster with demand response
intensives. Different demand responses are modeled to account for the response fatigue. Risks
associated with uncertainties related to inflexible demand and renewable generation are controlled
through a risk-aversion factor.

The operational strategies such as pricing, and scheduling discussed above are focused only on
cost reduction while considering resilience improvement as a requirement. However, in case of
extreme events such as faults, the faulted microgrid is normally disconnected from the network. This
could lead to instabilities in a ring-connected microgrid cluster in an isolated operation, if the
neighboring microgrids have been importing power from the disconnected microgrid. Situation
becomes worse in low-inertia microgrids with high penetration of inverter-based renewable power
generation [25]. Control structures at the device level, microgrid level, and cluster level can be
effectively used in improving the system resilience and sizing of the distributed energy resources,
which is not yet reported.

Therefore, we focus on introducing an operational strategy for system’s resiliency improvement
in a ring-connected cluster of microgrids with high solar PV penetration. We propose the designing
and sizing of a power electronic switch, and its controlling to protect the switch and regulate the
power flow among the microgrids in the ring-connected microgrid cluster whereas the studies
presented in [15,16] are limited to the sizing of energy resources in each microgrid in the cluster. A
microgrid during its network operation faces voltage instabilities during extreme events in the
neighboring microgrids and the microgrid itself. Energy storage and its control play an important role
in maintaining the voltage. This study considers an energy storage system consisting of two power
sources: 1) Battery and 2) super capacitor. Unlike [12,13], which are focused only on the capacity and
maximum discharging power of battery storage as design parameters, detailed design of the energy
storage system integrating additional design parameters such as: the capacity of the voltage source
converter, and size of the DC link capacitor is presented in this paper. An effective control architecture
aids in coordinating different aspects of the microgrid cluster operation, including energy management
system and voltage/frequency regulation. We propose a two-level distributed control architecture to
control the ring-connected microgrid cluster for possible operating scenarios such as ring connected,
radial connected, and islanded operation while the studies presented in [21-23] on operational
strategies do not offer a complete framework on the control of a ring connected microgrid cluster.

The rest of the paper is organized as follows: In section 2, we present the layout and design details
of a ring-connected microgrid cluster. The modeling of energy storage systems and power electronic
switches are presented in section 3 and section 4, respectively. In section 5 and section 6, we present
the proposed control architecture and resiliency aspects of a microgrid cluster, respectively. The test
system and the results are presented in section 7. Finally, we conclude the paper in section 8.

2. Ring-connected microgrid cluster

In the ring layout considered in this study, each microgrid is connected to the adjacent two
microgrids in the shape of a ring as shown in Figure 1. Here, MG1, MG2, MG3,...., and MGn represent
the microgrids 1, 2, 3,...., and n respectively. Energy and information can be shared between them. To
regulate the power flow among the microgrids, bidirectional power electronic switches (SW1, SW2,
SW3,...., and SWn) are used as shown in Figure 1. Each microgrid in the cluster consists of distributed
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energy resources: solar PV systems, energy storage systems, and diesel generators of different
capacities. The sizing of the distributed energy resources is done to get the optimal microgrid
configuration considering the islanded operation of individual microgrid with energy balance at
minimum net present cost using the HOMER Pro v3.10.3 simulation platform. The net present cost
represents the difference between the present value of the sum of all costs over the system’s lifetime
and the revenue. The total cost accounts for the capital, replacement, fuel, and maintenance costs.

During the islanded operation of each microgrid in the cluster, voltage source converter (VSC) of
the energy storage system operates in grid-forming mode, setting the microgrid voltage and frequency
while other DERs operate in grid-following mode generating constant active and reactive power values.
Therefore, the energy storage system responds to transients during the islanded mode operation to
stabilize the system. Also, internal faults can induce transients in neighboring microgrids during power
sharing, and lead to instability problems, and malfunctioning of the protection systems. Power
electronic switches should maintain the continuous regulated power flow to the neighboring
microgrids during a fault until the protection system in the affected microgrid detects the fault. Thus,
power electronic switches and energy storage systems are the major components in the microgrid
cluster considered during the sizing and designing of resilient networks. Detailed designs of energy
storage systems and power electronic switches interconnecting adjacent microgrids are discussed in
the following sections.

Figure 1. Ring-connected microgrid cluster.

3. Energy storage system

Energy storage system is the main DER in each microgrid. It consists of a VSC, two bidirectional
DC-to-DC converters, a battery, a DC link capacitor, a supercapacitor, and a control system as shown
in Figure 2. Details of each component is discussed in the following subsections. The VSC is operated
in the grid-forming mode during the islanded operation of each microgrid and it is in grid-following
mode during the grid-connected operation.
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Figure 2. Energy storage system.
3.1. Battery

The battery is considered as the main power source in the energy storage system. A lithium nickel
manganese cobalt oxide battery is selected in this study due to its high specific energy values [26].
Currently, lithium-ion batteries are commonly used in power grid applications owing to their higher
charge density compared to other rechargeable batteries [27]. The discharging power of the battery is
designed to supply the peak load of each microgrid. The maximum charging and discharging power of
the battery are considered to be equal. Charging and discharging rates of a battery are usually expressed
in terms of C-rate. The performance of the batteries degrades with time during the operation and under
rest. There are several external factors affecting the aging of the battery including operating
temperature, C-rate, and depth of discharge [28]. High C-rates can charge the battery faster. However,
it generates more internal heat and reduces the battery life. Therefore, a balance should be maintained
between the charging rate and the lifetime of the battery [29]. This balance influences the rate of charge
allowed by the battery management system. Therefore, each battery has an ideal C-rate for the charging
and discharging process under standard conditions as recommended by manufacturers [30].

Also, step load changes can occur in microgrids leading to more demand than the total generation
capacity of the microgrid including the imported power from the neighboring microgrids. Therefore,
it may require load shedding during islanded operation, which compromises the system reliability.
Therefore, the battery is allowed to operate beyond the recommended C-rating during such a situation.
In the worst-case scenario of operation of the battery beyond the recommended C-rating, overheating
of the Li-ion battery may lead to thermal runaway [31]. Thus, the continuous discharge of the battery
is limited by the maximum C rate. This limit is usually defined by the battery manufacturer to prevent
excessive discharge rates that would damage the battery. Thus, it is ensured that the battery does
not discharge current beyond the maximum C-rating. Operating the battery beyond the
recommended C-rating can lead to a capacity fade during the operation [27]. Therefore, the
recommended discharging power of the battery in i microgrid (Pc, rec i [MW]) should be more than
the peak load of the microgrid (Pr, pear.i [MW]) as in (1), where, Pc, max,i [MW] is the discharging power
at the maximum C-rating.
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PL,peak,i < PC,rec,i < PC,max,i ,l =1, 2..n (1)

Also, charging and discharging of the battery and its rates are controlled by the associated
bidirectional DC-DC converter (bidirectional converter 1) shown in Figure 2, and its control system is
similar to what is proposed in [32].

3.2. Voltage source converter (VSC)

The VSC shown in Figure 2 has a 2-level three-leg converter, LC filter section, and a control
system. The control system of the VSC is configured to operate in the grid-forming mode during the
islanded operation by setting the microgrid voltage and the frequency, and its control is designed based
on [33,34]. It adopts the PQ control mode during the grid-connected operation [35]. The converter is
sized to facilitate the power flow when the battery is operating at its maximum discharge rate as given
by (2), where Prared bi [MW] is the capacity of the VSC of the energy storage system.

Prated_b,i = I:)C,max,i (2)

The number of inverters connected to microgrids is increasing with high penetration of renewable
generation. These inverter-based distributed generation is expected to provide support for the
microgrids during the islanded operation. Some of the inverters require semiconductor modules with
short-term overload capacity. The high power loss density of power semi-conductors leads to the
temperature rise making them incapable of facilitating short-term overload conditions [36]. However,
the integration of phase change materials in power semiconductors can reduce the temperature rises
and allow the overloads in such cases. According to [36], 3 pu fault current could be facilitated by the

VSC for 3 s with the integration of phase change materials. Thus, the maximum transient output power
of the converter, Pou, maxi [MW] can be defined by (3).

P

out, max, i

=3%Pyed b 3)

3.3. Supercapacitor

During the islanded operation of each microgrid, transients such as faults are mainly fed by the
grid-forming energy storage system. However, the battery cannot feed fault current beyond its maximum
discharging current without damaging the battery. Therefore, as shown in Figure 2, a supercapacitor is
connected in parallel with the battery to supply the fault current. Electrochemical double-layer capacitors,
also known as supercapacitors, utilize high surface area materials to achieve large capacitance. They also
have advantages such as high-power density, long lifespan, low series resistance, and fast charging rates.
Therefore, the supercapacitor is sized to supply the fault current for a duration of 3 s. Different
supercapacitor models are reported in the literature [37,38]. The widely used RC model is shown in
Figure 3(a). Here, Rs [€2] is the internal resistance, and Rp [Q2] is the self-discharging resistance. However,
the typical value for Rp is large and therefore, it can be considered as an open circuit. The simplified RC
model shown in Figure 3(b) is considered in this study. In practice, a supercapacitor usually operates
between its rated voltage and half of that. Therefore, half of the rated voltage is set as the cutoff voltage
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of the supercapacitors considered in this study [39]. Considering negligible internal power losses
compared to the power supplied, and constant power consumption (P., [MW]), the value of the
capacitance of the supercapacitor (Csc, [F]) can be found by (4) [40].

Figure 3. Supercapacitor model.

2t is Pc
Csc = (V 2 iV 2) (4)
0 cut

Here, tais [s] is discharge duration; Vo [kV] and Veu [kV] are the rated voltage and cut-oft voltage
respectively; Pc [MW] is the maximum power supplied by the supercapacitor via the converter, and it
is equal to the power given by (3).

3.4. Virtual impedance

During the islanded operation of each microgrid, faults try to draw high fault currents from the
grid-forming converters. However, the considered voltage source converter cannot facilitate high over
currents than the short-term power rating given by (3). Therefore, a virtual impedance is used to limit
the over-current. The idea behind the virtual impedance depends on the physical system’s behavior. If
the voltage at the terminal of the energy storage system is regulated at the rated value during a fault,
then the current fed by the energy storage system increases to an unacceptable value. Therefore, the
voltage can be reduced to lower the fault current. Since it is not practical to add a physical impedance
to limit the current, a virtual impedance is added by the control system. Virtual impedance (Z, [€2])
in (5) is triggered only when the current exceeds its nominal value [41].

Z=R+ jX ®)]
K(ly =1y ), iF 1,21,
R: d d,ref - d d,ref (6)
0 L <1y
X =roy s (7

Here, R [Q] defined by (6), and X [Q2] defined by (7) are the resistive component and the reactive
components of the virtual impedance, respectively. Parameters, /s [KA] and la-r [KA] are the d-axis
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current and the d-axis reference current. The constants, k and ax are tuned using the method explained
in [42] to limit the current magnitude to a suitable level during an over-current. It should be noted that
i rer corresponds to the recommended C-rating of the battery, and /4. is increased when the battery is
operating beyond the recommended C-rating.

Therefore, the voltage set point at the terminal of the energy storage system considering the virtual
impedance is given by (8) and (9), where, I; [kA] and I, [kA] are the g-axis current and g-axis
reference current respectively.

\Z :Vd,ref _IdR_IqX 3
Vq =Vq,ref — IqR+ I, X 9

3.5. DC link capacitor

The response time of the considered lithium-ion battery storage is 20 ms and the response time
of the DC link capacitor is lower than 4 ms [43,44]. Therefore, the DC link capacitor is sized to respond
to the transients generated by loads with high ramp rates until the battery comes into full response
using (10).

21.
Cy= P (10)

(\/02 _Vmin2 )

Here, C4 [F] is the capacitance of the DC link capacitor, Psep [MW] is the increased load and 7 [s] is
the response time of the battery, and Vo [kV] is the reference voltage of the DC link. The minimum DC
link voltage (Vmin [kV]) is selected to be higher than the terminal voltage of the fully charged battery.

4. Power electronic switch

A back-to-back bidirectional converter [45,46] is used as the interconnecting switch between two
interconnecting microgrids. The structure has a pair of two-level converters beside a DC link as shown
in Figure 4.

Converter 1 Converter 2
f\J L _—

DC link DClink Constant power

regulator regulator

Figure 4. Power electronic switch.
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Figure 5. Microgrid cluster.

Converter 1 provides the DC link voltage regulation while converter 2 regulates the active power
delivered by it. The control systems adopted in the two converters are similar to the systems proposed
in previous studies [35,47]. The converter facilitates the power flow through the interconnection, and
provides frequency and voltage support in the case of power deficiency in one of the microgrids
provided that the other microgrid has surplus generation/storage available. The connection of the
microgrids using back-to-back converters is shown in Figure 5.

Two-level three-phase AC/DC and DC/AC converters have a limitation associated with minimum
DC link voltage [48,49]. For the proper operation of the converter with a unity power factor and
undistorted current waveforms, the DC link voltage must be maintained above the minimum DC link
voltage. Theoretically, the maximum DC link voltage that can be obtained from a diode
rectifier (AC/DC converter) is the peak value of the line-to-line voltage (¥1-2 [kV]), and it becomes the
minimum DC link voltage required in the voltage source rectifier and the inverter [50]. In practical
adaptation, the minimum DC link voltage (Vbc, min [kV]) is slightly more than the theoretical value due
to the voltage drop across the filter impedance as illustrated in (11). In practice, the DC link voltage is
maintained about 15-20% more than the minimum DC-link voltage [50].

Ve mn =2 % (V,_, +Voltagedrop) (11)

Failure of microgrids during the network operation can lead to stability issues of healthy
microgrids during their islanded operation due to sudden surplus/deficit power. During the islanded
operation, the energy storage system responds to transients while other distributed energy resources
are operating in the grid-following mode.

During the steady state condition, generated power and load in each microgrid are balanced as
given by (12), considering negligible power losses. Parameters, P» [MW], Ps [MW], and Pgen [MW]
in (12) are the power generated by energy storage, solar PV system, and diesel generator, respectively,
while Pr [MW] and Pswarea [MW] are the load demand and the power shared with
neighboring microgrids.
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R+P+P, =R +P. (12)

gen L Shared

During a faulty situation of a microgrid, power sharing may be interrupted, resulting in excess
power or deficit power in the neighboring microgrids in the cluster. Therefore, to maintain the energy
balance of resulting microgrid clusters, the energy storage should increase its charging or discharging
power, which is possible within the safe limits of each energy storage. Thus, the power flowing through
each interconnecting cable connected to a microgrid should be maintained to be lower than the reserve
capacity of the microgrid. For example, consider the cables 1 and 2 are connected to MG2 in Figure 6.
Power flowing through cables 1 and 2 should be lower than the maximum backup power of MG2. This
instantaneous backup power is provided by the energy storage system discharging power beyond the
recommended C-rating (Pc,reci [MW]). Backup power compensates for the sudden surplus/deficit
power in a healthy microgrid upon failures of the neighboring microgrids. Therefore, power flow via
each interconnecting cable connected to the i microgrid should satisfy (13).

(Pucs|aNG P 2 < P s = ey i1 =23,

3
(‘ PMG'i‘and‘PMG,n )S I:)C,max,i - PC,rec,i ; ifi=1 (13)

Here, |Puci [MW] is the magnitude of the power flowing through the interconnecting cable as
illustrated in Figure 6.

Cable 1

r?é
R _b /@\)
\ \@
y : o
POCto POC to
MGn MG3

Figure 6. A section of the ring connected microgrid cluster.

Each interconnecting cable is connected to two microgrids during the ring-connected operation.
For example, in Figure 6, cable 1 is connected to both MG1 and MG2. By applying (13) separately
for MGl and MG2 (i = 1 and 2) in Figure 6, there are two allowable power-flow through
cable 1 (PwcG,i [MW] = Pua,ir; I=1 and Mpg, .1 [MG] = Pua.i2; i = 2). However, power flowing through
cable 1 should satisfy the requirements specified by two connected microgrids (MG1 and MG2).
Therefore, the maximum allowable power flow through i cable (Peasici [MW]) is selected to be the
lowest of two values given for the cable as in Eq (14).

Paviei = MIN{Pyc i1, Ruci i1 =12....,n (14)

Here, Puci [MW] and Puciz [MW] are the two power flow values given by (13) for i®
interconnecting cable.
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The power electronic switches cannot facilitate short-term overload situations as in transformers.
Therefore, each power electronic switch has a maximum current rating it can handle [43]. During
disturbances, voltage and frequency in microgrids can experience changes, and therefore current may
experience fluctuations while power flowing through the interconnecting cables is being regulated.
Thus, current limits associated with converters 1 and 2 in Figure 4 can lead to sudden surplus or deficit
power in each microgrid leading to stability problems. Therefore, the power electronic switch should
be rated above the maximum allowable power of the connecting cable as given by (15), where,
Pratea sw,i [MW] is the rating of i power electronic switch.

Pated_sw.i > Peapeis1=12,...,n (15)

4.1. DC link capacitor

During a fault within a microgrid, the DC link voltage of the power electronic switch increases
or decreases. Therefore, to protect the DC link capacitor, to avoid the failure of the converters, and to
ensure stable operation, the DC link voltage should always be regulated in between the minimum and
maximum DC link voltage threshold. To achieve this, upon the detection of a fault in a microgrid, the
power electronic switches connected to it should be removed from the network within the holdup time.
The holdup time can be identified as the time interval the DC link voltage stays within the thresholds
in the case the input power fed to DC link either from converter 1 or converter 2 shown in Figure 4 is
lost [51,52]. Thus, the protection of each power electronic switch is facilitated within the holdup time
by two simultaneous techniques to increase the redundancy, namely,

1) reduction of the power flow through the power electronic switch to zero by the internal control
mechanism and
2) operation of the two mechanical breakers on the two sides of the power electronic switch.

The DC link capacitor should therefore be sized to have enough storage capacity to maintain the
minimum DC link voltage during this period. According to the two protection techniques stated above,
there will be two holdup times given by (16) and (18). According to the IEC 61000-4-11 standard, the
minimum holdup time for low voltage converters is in the range of 10 ms to 20 ms [53].

thold,l =tW +tp +te (16)
t,=1/k (17)
thold,2=tw+tp +1 (18)

In this study, it is considered that a protection system based on the transient characteristics of the
current and voltage signals is in operation. Therefore, in (16), #w [s] is the data window size used by
the protection system to detect the failure or faults of the microgrid, and #, [s] is the processing time
of the prediction algorithm detecting the failure of the microgrid; z [s] is the time taken by the power
electronic switch to reduce the flowing current to zero as defined by (17). In (17), I [kA] is the flowing
current through the power electronic switch and & [kA/s] is the rate of change of current reduction in
each converter. Two mechanical breakers on both sides of each power electronic switch communicate
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with each other if a fault is detected. The communication delay is # [s].

At the design stage of the DC link capacitor, as given in (19), the holdup time (#roi [s]) is taken
as the maximum of the two holdup times given by the two techniques (¢014,7 [s] and thota 2 [s]). It ensures
proper operation of the power electronic switches until the isolation by any of the methods explained
above ensuring the redundant operation.

Lo = max{thold 17 L ,2} (19)

However, upon the isolation of the faulty microgrid from the network operation, the healthy
microgrids can experience sudden surplus power or deficit power. Then, it increases/decreases the
microgrid voltage with the effect of virtual impendence during their islanded operation. In that case,
the central energy management system gives the instructions to each energy storage system after a time
delay. The time delay depends on the communication latency and the processing speed of the central
energy management system of the microgrid cluster. Then, each energy storage operates in the
maximum C-rating to compensate for the excess or deficit power.

4.2. Control of the DC link

During a severe transient such as a fault situation in a microgrid connected to the converter 2 (power
flow regulator side) of the power electronic switch shown in Figure 4, it can generate fluctuations in
the DC link. Then, converter 1 (DC regulator) tries to regulate the DC link voltage by drawing or
supplying current from/to the microgrid, which is connected to converter 1. Therefore, it can induce
power swings in the healthy microgrid resulting in stability issues. Also, it increases the complexity of
the protection system.

Therefore, an adaptive PI controller is proposed for the outer loop of converter 1 of the power
electronic switch shown in Figure 4. During the steady state condition of the power flow, DC link
voltage is maintained at the nominal value, and the associated error values in control loops are
negligible. Therefore, the controller gains are set to achieve a slow response in the converter. However,
during a transient such as a fault or a load-shedding situation in a microgrid, the DC link voltage of
the power electronic switch experiences a gradual decline or increase, resulting an error between the
measured DC link voltage and nominal DC link voltage. Therefore, upon the detection of a DC link
voltage error, tuned control gains are applied after waiting for a duration of the holdup time.

5. Control-architecture of the microgrid cluster

A ring connected microgrid cluster involves different operating scenarios in the connected,
islanded, or in transition as an autonomous cluster, as individual microgrids or as groups of microgrids.
Therefore, a complex control system is necessary for the microgrid cluster to perform aforementioned
tasks to manage itself. These tasks can be carried out on different hardware and software platforms.
The management of the tasks of the microgrid can be carried out through several layers such as a
device layer, local control layer, supervisory control layer, and high-level grid interface layer by
defining clear objectives for each layer. In the IEEE Standard for the Specification of Microgrid
Controllers [54], operating tasks of a single microgrid are divided into three control layers.

In this study, a two-level distributed control architecture is used to control the ring-connected
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microgrid cluster, including the functions related to cluster level as shown in Figure 7. In the primary
control layer, voltage and frequency regulation, islanding detection, grid synchronization, protection,
and local power management are at the microgrid level. In the secondary control layer, each microgrid
shares the information with other microgrids and the distributed network operator to perform optimum
power flow and protection coordination. Different states and modes of the microgrid have specific
functions to be executed at any time. The IEEE 2030.7-2017 standard covers two steady-state operating
states: grid-connected and islanded modes [54]. In this study, three operating states for the microgrid
cluster are considered for analysis considering the possible operating scenarios, namely 1) radial
operation, 2) ring operation, and 3) islanded operation. Controllers at the microgrid level and cluster
level are updated with the operating state during the operation, and control parameters and functions
are updated accordingly.

Hours
= Powerflow control
Secondary | Crid interactive among microgrids
control control and and grid
layer cluster level * Protection
functions coordination

= P-f, Q-f droop control

Primary Microgrid level * Islanding detection
control control » Fault detection
layer functions = Real time energy
management

» Resynchronization

Milliseconds
Figure 7. Control architecture.

The microgrid cluster considers the requirements specified in IEEE Standard for “Interconnection
and Interoperability of Distributed Energy Resources with Associated Electric Power Systems
Interfaces™ [55], during the interconnection of the distributed energy resources. The controllers are
therefore configured accordingly to maintain the voltage and frequency requirements in response to
abnormal conditions [55]. During the islanded operation of each microgrid, the frequency of each
microgrid is set by the VSC in the energy storage system.

6. Resilience of the microgrid cluster

Distribution systems are subjected to extreme events due to severe environmental conditions and
operational conditions. Therefore, it is necessary to enhance the resilience of the microgrids to avoid
long-existing power outages. Quantification of the resilience level of microgrids should be evaluated
for the reliable networked operation of microgrids. The performance of a microgrid can be defined
considering certain aspects of operation such as power quality, operation security, and generation
adequacy. Therefore, the performance can be converted into a quantifiable non-negative value [9,56].

The trapezoid performance function after a severe disturbance in an electrical network is shown
in Figure 8, and Qo represents the target performance level while QO(?) represents the actual performance
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level after a contingency occurring at ¢; [s]. The periods from ¢; [s] to 2 [s], and %2 [s] to #; [s] are
considered as the disaster propagation period, and the post-disaster period, respectively. Also, the
period from #; [s] to t4[s] is the recovery period.

System performance Q(t)

Figure 8. Performance function after a disturbance.

We use the resilience function given by (20) [9], to evaluate the level of resilience of each
microgrid in the network after a disturbance.

- 1
resilience =— (20)
loss

The performance “loss” in (20) can be determined by (21) to evaluate the survivability of a
microgrid against extreme events. Survivability is a measure of the ability of microgrids to continually
deliver essential services during an undesirable event [9].

QO — Qmin

min

loss, =

€2y

Also, the performance loss can be evaluated more compressively by capturing the degree of
robustness, responsiveness to disruptions, and swiftness of recovery. The relative deviation of the
performance can be integrated over the duration of performance degradation as given by (22). The
degree of robustness measures the degree to which the network is able to withstand an unexpected
event without degradation in performance.

£Q,-Q()
L Q)

loss, = (22)

To emphasize the speed of the recovery of the system, the duration of the performance degradation
can be included in (22) to get (23).
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1 It4 QO _Q(t) dt (23)
v Q)

loss, =

_t4_t1

Thus, Egs (20) to (23) can be used to quantify the degree of resilience of the microgrids in three
different ways and therefore, three resiliency indices can be calculated (R/:, RI2, and RI3). In each case,
a value equaling to infinity implies perfect resilience while zero implies no resilience. Here RI:, RI2,
and R/; respectively represent the survivability of a microgrid against extreme events, the degree of
robustness, and the speed of the recovery.

7. Result and discussion

A ring connected microgrid cluster with four microgrids was derived using a part of the distribution
network in Colombo city, Sri Lanka, as illustrated in Figure 9. Four microgrids, MG1, MG2, MG3, and
MG4 in the considered cluster are connected by 11 kV underground cables in a ring. Each microgrid
consists of solar PV systems, energy storage systems, and diesel generators of different capacities. The
loads in each microgrid are connected through several 11 kV/400 V distribution substations.

Cable 1

PV

Battery

)
I
(G) Generator
.

Load

Figure 9. Layout of the microgrid cluster.
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Table 1. Loads of the microgrids.

Microgrid Bus Active power (kW) Reactive power (kvar)
MG1 1 2,484 1,203
2 1,603 776
MG2 1 296 143
2 289 140
MG3 1 1,452 734
2 272 137
MG4 1 2,535 1,227
2 583 282

Table 2. Capacities of the energy resources.

Microgrid PV (MW) Battery (kWh) Diesel generator (MVA) Load (MVA)
MG1 10.0 21,367 5.100 4.543
MG2 2.2 4,744 0.750 0.651
MG3 10.0 17,070 2.500 1.931
MG4 10.0 24,291 3.900 3.465

Table 1 lists the peak active and reactive load of the selected area observed on 13%
December 2021 for 24 hours. Also, the impedances of the cables in each microgrid, and the impedance
of the cable interconnecting individual microgrids are listed in the Supplementary (in Table 7).

The capacity of the DERs of the proposed microgrid cluster is listed in Table 2. Also, 14% of the
total load at each bus bar is modeled as induction motor loads to match with the percentage of industrial
loads in the considered area, and the rest are modeled as static loads. Transformers rated at 10 MVA
are used to connect each microgrid to the main grid. The considered network has a low X/R ratio. Also,
the effect of power imbalances during the contingencies on frequency drop of microgrids with low
X/R ratio is negligible compared to the voltage sag as observed by the authors in their previous
studies [57]. Therefore, we focus only on the performance of the voltage profile on the evaluation of
the resilient operation.

The proposed ring-connected microgrid cluster and control system are tested on the
PSCAD/EMDC v5.01 transient simulation platform. Local energy management proposed by the
authors [57,58] is applied in each local microgrid. Central energy management of the cluster is updated
with deficit/ excess power in each microgrid via communication, and it facilitates microgrids with
excess power to share extra power with microgrids with power deficit. The amount of power received
by each microgrid with a power deficit is decided by the central management system. Then, the power
flow arrangement among the microgrids is calculated by the central energy management system to
facilitate the power-sharing subjected to cable capacity constraints and power losses. The central
management system sends command signals to the active power regulator of each power electronic
switch to regulate the power flow arrangement among microgrids. The 5G wireless communication
system in each microgrid ensures a low latency level of around 1 ms. The parameters given
by (1)—(19) are used to design the energy storage system and power electronic switches, and their
values are listed in the Supplementary (Table 8). To show the design performance of the microgrid
cluster, two case studies were conducted subjecting the test system into contingencies. The DC link
voltages of the power electronic switches are regulated within 4 + 1 kV.
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7.1. Case study 1

In case study 1, islanded microgrid cluster with two possible operation configurations; ring and
radial are considered initially as shown in Figures 10(a) and 11(a) respectively. It is observable that
the cluster operation scenario changes during permanent faults. Some microgrids get individually
islanded while some move to different radial operations. Let’s consider initial ring operation of the
cluster as Case A and initial radial operation of the cluster as Case B.

Both ring and radial networked operations consider the same load and maximum available solar
power in each microgrid. The initial load, power generations, and state of charge (SOC) of energy
storages in the microgrids during ring and radial operation are listed in Table 3. State of charge levels
of each microgrid are more than 30%, and therefore, according to the local energy management
system [57], the diesel generators are not in operation in case study 1.

(a) Pre-fault (b) Post-fault

Figure 10. Islanded ring connected microgrid cluster in three possible operation scenarios at a fault.

(a) Pre-fault (b) Post-fault

Figure 11. Islanded radial connected microgrid cluster in three possible operation
scenarios at a fault.
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The MG4 during ring and radial connected configurations shown in Figures 10(a) and 11(a) are
subjected to an internal three-phase fault at 2.3 s, respectively. Figures 10(b) and 11(b) illustrate the
post-fault layouts of the ring and radial connected configurations, respectively. The operations of two
mechanical breakers on the two sides of the power electronic switches are disabled to see the internal
operation of the power electronic switches during transients.

Table 3. Setting and changes of microgrids; Case study 1.

Power (MW)
Microgrid Cluster Operation Scenario Energy Resources
MG1 MG2 MG3 MG4
Load 6.64 0.58 2.05 2.77
Case A Solar 0.06 0 5.07 8.31
o . . Storage 4.9 -0.33 —2.26 -3.50
(Initially Ring—Figure 10(a)) Generator 0 0 0 0
SOC (%) 70 60 50 40
Load 6.64 0.58 2.05 2.77
Case B Solar 0.06 0 4.7 7.33
- . ) Storage 6.28 -0.370 —2.24 1.28
(Initially Radial—Figure 11(a))
Generator 0 0 0 0
SOC (%) 70 60 50 40

Figure 12 illustrates the in, and out power flow of the microgrids MG1, MG2, MG3, and MG4,
and the DC link voltage of the power electronic switches during the fault on initial ring operation of
the microgrid cluster (Case A), while Figure 13 illustrates the same during initial radial operation of
the microgrid cluster (Case B). Figure 14 illustrates the RMS voltage at the terminal of the energy
storage of microgrids MG1, MG2, MG3, and MG4 for Case A and Case B.

Case study 1 focuses only on the effect of the internal fault in MG4 on the operation of the rest
of the microgrids in the cluster. With the internal three-phase faults occurring at 2.3 s in MG4, the local
voltage of MG4 reduces from 1 pu in response to the current drawn by the fault irrespective of the
layout of the microgrid cluster as shown in Figure 14. Then, the microgrid cluster goes through several
events until the systems come back to the recovery state.
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Figure 12. In and out power flow of microgrids and DC link voltage of power electronic
switches for Case A.
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Figure 13. In and out power flow of microgrids and DC link voltages of power electronic
switches for Case B.
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Event 1- MG4 experiences a three-phase internal fault and power shared by
MG4 experiences a sudden decline

Event 2- MG1 experiences a voltage drop while MG2 and MG3 regulate the
voltage at 1 pu

Event 3- MG4 becomes electrically isolated from the network operation

Event 4- The control system in MG1 forces the energy storage to operate at its
maximum C rate

Event 5- Voltage of MG1 improves to its nominal value of 1 pu

Figure 15. Stages of recovery of microgrid cluster.

The timeline shown in Figure 15 illustrates the events during the recovery stages of the microgrid
cluster upon the fault in MG4. The events are explained in the following.

eEvent 1
As shown in Figures 12(a) and 13(a), once the MG4 experiences the fault at 2.3 s (¢7), power
shared by MG4 from/to MG1 and MG3 experiences a sudden decline irrespective of the layout of the

microgrid cluster. Therefore, as shown in Figures 12(b) and 13(b), DC link voltages of power electronic
switches SW3 and SW4 deviate from 4 kV.
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e Event 2

According to Figures 12(a) and 13(a), the controls of the power electronic switches are slow enough
to continue power flow between SW4 and MG1, and between SW3 and MG3 until the fault is detected
by the protection relays and inform the power electronic switches SW4 and SW3 by 2.315 s (#2). Then,
the control system of the power electronic switches reduces the flowing current at a rate of 20 kA/s,
and therefore, MG1 experiences a voltage drop as shown in Figure 14 while MG3 maintains the RMS
voltage at 1 pu.

eEvent 3

As shown in Figures 12(a) and 13(a), power flow between SW4 and MG1, and between SW3 and
MG3 reduces to zero by 2.45 s (#4), and thus, MG4 becomes electrically isolated from the network
operation. Even though MG1 lost the power imported from MG4, it continuously maintains the power
exported to MG2, presented by MG1-Out in Figures 12(a) and 13(a).

eEvent 4

The fault protection system in MG4 informs MG1, MG2 and MG3 at 2.5 s (¢5) via the central
controller of the microgrid cluster regarding the occurrence of the fault. Therefore, the control system
in MG1 changes the setting of the energy storage and forces it to operate at its maximum C-rate.

eEvent 5

The voltage of MG1 again improves to its nominal value of 1 pu by 2.55 s (#) as shown in
Figure 14. However, MG3 does not experience any power deficit even if it lost 0.34 MW imported
from MG4 according to Figure 10, in initial ring connected operation (Case A). Thus, MG3 maintains
the RMS voltage at 1 pu while MG1 continues exporting 0.1 MW to MG2 as shown in Figure 10(b).
As the pentation level of the solar PV generation in MG1 is at a minimum of 0.06 MW according to
Table 3, it does not offer surplus power for power sharing. Also, MG1 keeps on exporting power
of 1 MW to MG2 in the post-fault configuration of the radial microgrid cluster (Case B) as shown in
Figure 11(b). Therefore, MG1 experiences a power deficit of 0.9 MW if it was in radial cluster
operation initially compared to being in ring-connected cluster operation initially.

The voltage drop of MGI1 is 0.0005 pu and 0.0075 pu during Case A and Case B operations,
respectively, as shown in Figure 14. Therefore, the voltage regulation of MGI1 is improved by 93% if
it was in the initial ring-connected operation compared to being in radial cluster operation.

The energy storage system of each microgrid responds to transients ensuring the energy balance
of each microgrid, and the terminal voltage of the energy storage system is maintained at 1 pu.
However, if the total demand is more than the available generation capacity of a particular microgrid
including the shared power, then the terminal voltage experiences a sag. Thus, it becomes a measure
of power quality and availability of the generation to satisfy the demand. We consider the voltage sag
of each microgrid during contingencies to evaluate the resilient operation of the proposed network.
Therefore, the voltage curves shown in Figure 14 can be converted to a performance curve as shown
in Figure 16.
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Since the voltage of the MG2 and MG3 are not affected, their performances are not considered.
Since case study 1 investigates the effect of the fault occurring in MG4 on the neighboring microgrids,
the performance of MG4 is not evaluated. Levels Q7 and Q2 on Figure 16 consider the performance
during the post-disaster period of the performance curve of MGlduring initially radial and ring
connected microgrid cluster operations. Then, the resilient indices given by equations (21) to (23) are
used to evaluate the resiliency of MG1, and they are listed in Table 4. The ability of MG1 to continually
deliver essential services during an undesirable event (survivability) (RI;) is 3.7 and 1.35 during
initially ring and radial connected microgrid clusters operations, respectively.
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Figure 16. Performance curve of MGI for initially ring (Case A) and radial (Case B)
connected microgrid clusters.

Table 4. Resilience indices of MG1; Case study 1.

Layout Resiliency indices

Rl (survivability) R, (degree of robustness) RI3 (speed of recovery)
Case A 3.7 34.72 13.85
Case B 1.35 10.67 4.27

Table 4 presents the calculated resilience indices. The degree to which MGl is able to withstand
an unexpected event without degradation in performance (degree of robustness) (RI2) is
therefore, 34.72 and 10.67 during initially ring and radial connected cluster operations, respectively.
Thus, ring-connected operation of the microgrid cluster improves the survivability and the degree of
robustness of the MG1 by 170% and 225% respectively compared to the radial operation of the
microgrid cluster in the event of a failure of neighboring microgrids during power sharing. Therefore,
ring connected operation of microgrid cluster improves the resilience of a single microgrid compared
to the radial connected operation of the microgrid cluster in the event of a failure of
neighboring microgrids.

During the network operation of microgrids without connections to the main grid, power-sharing
among the microgrids occurs through the interconnecting microgrids. During the radial operation,
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MG#4 shares power with MG2 through MG1 as shown in Figure 11(a). However, during the ring-
connected operation, MG1 receives power in two directions as shown in Figure 10(a). Thus,
intermediate microgrids may not be able to maintain the local power balance with the isolation of MG4.
Therefore, the local voltages experience a drop in response to the local power imbalance. Thereafter,
the controllers of the energy storage system come into operation. However, during the recovery period
of the microgrids, the voltage at the terminal of the energy storage system (Bus 3) is within the limits
specified in IEEE 1547-2018 as shown in Figure 14.

7.2. Case study 2

In case study 2, microgrids in the cluster operate in ring, radial, and islanded operations
considering the same load and maximum available solar power in each microgrid as in case study 1.
Initial demand, generation, settings, and changes of the microgrids during ring, radial, and islanded
operations are listed in Table 6. During the islanded operation, microgrids are not networked, and there
is no cooperation and power sharing among the microgrids in the cluster. Also, the islanded operation
focuses only on MG1, and thus, parameters of MG2, MG3, and MG4 during the islanded operation
are not listed in Table 5. The solar PV system in MG1 is removed at 2.4 s from the network during the
operation to simulate a failure of the solar PV system in MGI1.

Table 5. Setting and changes of microgrids; Case study 2.

Layout Energy Resource Power (MW)
MG1 MG2 MG3 MG4
Ring Load 8.4 0.58 2.05 2.77
Load shedded 0.7 N/A N/A N/A
Solar 1.89 0 5.07 8.49
Storage 4.9 -0.33 —2.26 -3.59
Generator 0 0 0 0
SOC (%) 70 60 50 40
Radial Load 8.4 0.58 2.05 2.77
Load shedded 1.41 0 0 0
Solar 1.89 0 4.7 7.33
Storage 6.28 -0.370 —2.24 -3.44
Generator 0 0 0 0
SOC (%) 70 60 50 40
Islanded Load 8.4 N/A N/A N/A
Load shedded 1.93 N/A N/A N/A
Solar 1.89 N/A N/A N/A
Storage 6.54 N/A N/A N/A
Generator 0 N/A N/A N/A
SOC (%) 70 N/A N/A N/A
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Figure 17. RMS voltage at the terminal of energy storage in MG1.

Figure 17 shows the RMS voltage at the terminal of the energy storage of MG1 during ring, radial,
and islanded operations. Also, each local energy management system is responsible for local energy
balance during the network operation. Therefore, other microgrids do not experience any contingencies
with the power imbalance in MG1, and the power flow arrangement among the microgrids is similar
to the power flow arrangement in case study 1 (Figures 10(a) and 11(a)). With the failure of the solar
PV system in MGI at 2.3 s, MG1 experiences a sudden power deficit of 1.89 MW. Therefore,
the voltage of MG1 reduces at a ramp in response to the current drawn by the load and the voltage
becomes 0.999 pu, 0.989 pu, and 0. 985 pu under ring, radial, and islanded operations, respectively, as
shown in Figure 17. Therefore, to maintain the local power balance of MG1, 0.7 MW, 1.4 MW,
and 1.93 MW of loads are shedded during its ring, radial, and islanded operation at 3.3 s as listed in
Table 5. Then, the voltage at the terminal of the energy storage in MG1 comes back to 1 pu. The radial
operation reduces the load shedding by 26% compared to the islanded operation while the
ring-connected operation has reduced the load shedding by 50% compared to that of radial operation.

Table 6. Resiliency indices; Case study 2.

Layout Resiliency Indices
Rl (survivability) R, (degree of robustness) Rl (speed of recovery)
Ring 5.55 9.12 9.12
Radial 0.81 0.92 0.92
Islanded operation 0.63 0.71 0.71

Resiliency indices of the MG1 are listed in Table 6. In MG1 during islanded operation, 22.5% of
the load is supplied by solar PV generation. Due to the sudden loss of the generation and with the
unavailability of rotating masses, the voltage experiences a sag due to power imbalance. Thus, the
survivability (RI;) and the degree of robustness (R/2) of the MG1 under loss of solar PV system
are 0.631 and 0.71, respectively, during the islanded operation. The ring-connected operation of the
microgrid cluster improves the ability of MG1 in continually delivering essential services during an
undesirable event by 58% and 77%, respectively, compared to the radial and islanded operation of the
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microgrid cluster in the event of a failure of the solar PV system during power sharing. Also,
ring-connected operation enhances the degree to which MG1 is able to withstand an unexpected event
without degradation in performance by 89% and 118% compared to radial and isolated
operations respectively.

Ring-connected operation improves the survivability of MG1 (RI1) by 170% and 58% during case
studies 1 and 2 compared to radial e operation of microgrid clusters. Also, the degree of
robustness (RI2) is improved by 225% and 89% compared to radia operation. Thus, the resilience of
operation of networked operations can be improved by configuring the network in a ring rather than
radial and islanded operations.

In case of a blackout caused by man-made or natural disasters, the ring-connected operation of
the micirgrid cluster can facilitate power-sharing among microgrids and it supports the consumers over
a long time horizon, probably until the grid is restored. The voltage of microgrids with a low X/R ratio
is subjected to fluctuation during power imbalance in microgrids when they are not connected to the
main grid. In case of extreme events such as faults, the affected microgrid experiences a significant
voltage drop as illustrated in case study 1. Therefore, it is no longer capable of sharing power. However,
with the proposed adaptive PI controller, power electronic switches maintain continuous power flow
to the neighboring microgrids, discharging or charging the DC link capacitors of the power electronic
switches until the protection system detects and removes the faulty microgrid from the network
operation. With the support of the properly sized DC link capacitor in the energy storage system, the
batteries in the neighboring microgrids come to its full response to support the sudden loss of shared
power. The isolated microgrid informs the neighboring microgrids regarding the occurrence of the
fault via the central controller. Therefore, the battery can operate at its maximum C-rate if the
microgrid experiences a power deficit. With the proper sizing of the energy storage system, power
electronic switch, and properly defined control architecture, none of the neighboring microgrids
experience reliability issues due to extreme events. Therefore, ring-connected operation offers
improved resilience of the microgrids against extreme events occurring in neighboring microgrids
during its network operation compared to the radial-connected operation.

Adverse weather conditions affect renewable power generation. During a sudden loss of
renewable power generation in a microgrid as explained in case study 2, the available total generation
is not enough to support the loads without the grid support, and the voltage of the microgrid is reduced
by the grid-forming inverter. Then, the load shedding scheme sheds a minimum amount of load to
maintain the energy balance. The microgrid experiencing a power deficit can get the power from the
cluster in two different connections during ring-connected operation. Therefore, the ring-connected
operation offers improved reliability reducing the amount of load shedded compared to the radial and
islanded operation. Thus, the ring-connected operation of the proposed microgrid cluster can
significantly improve the resilience and reliability of the microgrid during an extreme event such as
loss of renewable power generation compared to the radial operation and islanded operations
of microgrids.

8. Conclusions
We propose a technique to design and control a ring-connected microgrid cluster with high

penetration of renewable power generation to increase the resiliency during contingencies. At the
microgrid level, the design focus was on the energy storage system and its control. At the cluster level,
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a power electronic switch was designed to share the surplus power available in the cluster among the
microgrids with the power deficit. The design and control system were adopted for a ring-connected
four microgrids derived based on a real distribution system and accurate operation was validated
through simulations on PSCAD/EMTDC v5.0.1. Two case studies were presented based on two
extreme events to verify the improved resilience of the proposed ring-connected microgrid cluster
compared to the radial-connected configuration and islanded operation. The following are the specific
conclusions drawn from the study:

e The control tasks defined in IEEE 2030.7-2017 standard were successfully adopted for
implementing the objectives of the ring connected microgrid cluster on power sharing and
coordination of the power electronics interface among microgrids allowing different operating
modes of the network operation.

e Ring networked operation of microgrids reduces the performance loss of microgrids improving
the ability to continuously deliver power to the consumers against extreme events by more
than 58%, and the degree to which the microgrid is able to withstand disruptions, by more
than 89% compared to the radial operation for the considered case studies.

e Networked operation of microgrids allows the sharing of power among them to support
microgrids in a power deficit. However, failure of microgrids during power sharing can lead to
sudden power deficit of intermediate microgrids in the network leading to power imbalances
and reliability issues. With the proposed design and the control of the microgrid cluster during
ring networked operation maintained the voltage profile of the affected microgrids within limits
specified in IEEE 1547-2018 while improving the resilience level by more than 58% compared
to the radial operation.

Renewable sources-based distributed generation connected to the distribution network cannot be
controlled effectively with the lack of control and operation flexibility during a blackout caused by
natural or man-made disasters. In case of a blackout, each microgrid in the proposed system with its
energy storage system can operate in an islanded operation to support the customers until the grid is
restored. The ring-connected operation of the microgrid cluster facilitates power-sharing among
microgrids. Thus, the microgrid experiencing a power deficit can get the power from the microgrids
having excess power to support consumers. Thus, the proposed ring-connected microgrid cluster with
proper design and controls, can significantly improve the resilience and reliability compared to the
radial operation and islanded operations of microgrids.
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Supplementary
Table 7. Impedance of the cables.
Microgrid Cable? Resistance(mQ) Inductance(H) Capacitance(F)
Cable 1-2 70.5 99 0.105
. Cable 2-3 7.50 99 0.105
Cable 1-2 155 163 0.122
’ Cable 2-3 15.552 163 0.112
Cable 1-2 173 182 0.124
° Cable 2-3 17.39 182 0.124
Cablel-2 173 182 0.124
’ Cable 2-3 17.39 182 0.124
n/a Cable 1 333 351 0.239
n/a Cable 2 100 105 0.721
n/a Cable 3 257 271 0.185
n/a Cable 4 333 351 0.239

Cable i-j represents the cable connecting i and j bus bars in the considered microgrids, and cable k
represents the interconnecting cables
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Table 8. Parameters of the test system.

MG/ Prpeak Pcree  Pcmax Pratea v Ca K P. (MW) G R Pma Peable Prated_sw thold Cbc
SW  (MW) (MW) (MW) (MW) (mF) (F) Q)  (MW) (MW) (MW) (ms) (mF)
1 451 6.8 9 12.75 16 0.071 27 4.4 0.370  2.05 1 2.12 50 18
2 058 1 2 2.82 4 1.46 5.59 09795 14 1 1 2.12 50 18
3 2.2 33 4.4 6.22 8 0.23 13.17 2.15 0.780 1 1 2.12 50 18
4 3.4 5.1 6.8 9.61 12 0.125 20 33 0.502 1.7 1.7 3.6 60 35
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