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A Novel Resilience-Oriented Cellular Grid
Formation Approach for Distribution Systems with
Behind-the-Meter Distributed Energy Resources

Utkarsh Kumar, Fei Ding
National Renewable Energy Laboratory, Golden, CO
utkarsh.kumar@nrel.gov, fei.ding@nrel.gov

Abstract—This paper presents a resilience-oriented cellular
grid formation approach to achieve scalable and reconfigurable
community microgrid operations for distribution systems with
behind-the-meter distributed energy resources. A set of
interconnected solar photovoltaics, energy storage systems, and
load is termed as a cell, implying a subset of the grid that can
operate independently using its own resources. Cells are
identified such that each cell inherently has sufficient energy
resources to black start and can provide a certain level of
backup power for its load under the loss of utility power supply.
The proposed cell formation approach builds on a unique self-
organizing map-based method (SomRes) to quantify a system’s
resilience. Using SomRes and a non-dominated sorting-based
genetic algorithm (NSGA-II), a fast and efficient cell formation
algorithm is developed to identify cells in a distribution system
that are resilient against extreme events. The efficacy of the
proposed approach is demonstrated on a numerical model of a
real distribution feeder in Colorado, United States.

Keywords—distributed energy resource, self-organizing
maps, grid resilience.

I. INTRODUCTION

Due to increase in frequency and severity of extreme
weather events, power systems need to be prepared to absorb
and recover from such damaging events [1]. According to the
U.S. National Academy of Sciences [2], resilience is defined
as “the ability to prepare and plan for, absorb, recover from,
or more successfully adapt to actual or potential adverse
events.” Resilience typically defines the features a power
system should have to resist and dynamically adapt to extreme
events; and one of the effective strategies to improving a
system’s resilience is via the formation of multiple feasible
and resilient microgrids. However, unlike microgrids, we
utilize the concept of a cell, which is defined as a set of
interconnected solar photovoltaics, energy storage systems,
and loads, along with the underlying distribution system
topology, obtained after slicing the distribution network at
several switch locations. Analogous to biological cells, cells
in this paper can be understood as the smallest subsets of the
distribution network that can isolate themselves, operate
independently using their own resources, and have certain
resilience characteristics.

Multiple studies have been performed to explore network
partitioning for a variety of objectives. In [3], network
partitioning is used for distribution system state estimation
leveraging a post-order traversal algorithm, while in [4],
network partitioning is considered with an objective based on
voltage spread reduction and power loss minimization. The
shortest path-based Dijkstra algorithm is used in [5] for
partitioning to protect against distribution grid failures. In [6],
apartitioning method is used to aggregate multiple topological
metrics as the objective. A k-means clustering approach for
partitioning is used in [7] considering the geographic
information and administrative boundaries, however, this
method suffers from the issues of determining an optimal % as
well as easily running into local optima. These methods are
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not scalable for network partitioning based on other objectives
and are specific to the considered objectives. Further, these
methods have not explored and are not suitable for resilience-
oriented network partitioning due to the complexities in
efficiently evaluating resilience. Therefore, this paper first
develops a suite of features that can indicate the resilience of
a cell and then uses a self-organizing map (SOM)-based
aggregation approach [8] to obtain a resilience index for any
given cell configuration. Finally, a meta-heuristic
evolutionary algorithm, called a non-dominated sorting-based
genetic algorithm (NSGA- II) [9] is employed to partition the
distribution system into multiple resilient cells.

The main contributions of this paper are as follows:

1) A novel set of relevant parameters of a cell is
considered to estimate its resilience against a wide range of
extreme event scenarios.

2) A SOM-based resilience index evaluation approach is
employed and an NSGA- II based algorithm is proposed to
form resilient cells.

The rest of this paper is organized as follows. Section II
presents the approach for the resilience quantification of the
cells; Section III presents details on the cell formation
algorithm; Section IV presents numerical simulation results;
and Section V concludes the paper.

II. RESILIENCE QUANTIFICATION OF CELLS

To form various resilient cells in a distribution system, it
is imperative that a methodology to obtain a resilience index
value is used such that the resilience of each possible cell
combination can be efficiently computed; therefore, to obtain
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Figure 1. Representation of the SOM-based cell resilience
quantification method.

a resilience index value for a given set of features of a cell, a
one-dimensional SOM implementation (SomRes [8]), has
been adopted in this paper. SOMs belong to the category of
competitive learning neural networks and are based on
unsupervised learning. They can be used to cluster data
without having prior knowledge of any correlations of the
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input data. SOMs can be used to detect features inherent to
the input data set and thus have also been called self-
organizing feature maps.

As shown in Fig. 1, the idea is that the SOM should be
trained for the distribution system with varying scenario sets
of inputs, and each scenario will map itself onto a neuron out
of an array of neurons. Therefore, the inputs of Fig. 1 are the
features (presented in II-A), and the output is the excited
neuron in the array of neurons considered as a scale
representing resilience ranging from 0 to 1. This excited
neuron is then used to evaluate the resilience index. Please
refer to [8] for more details.

A. Parameters affecting resilience

Mathematical models for the set of features considered to
quantify the resilience index of a cell are listed as follows:

i) Criticality of assets: An asset is first defined as either a
building integrating multiple behind-the-meter distributed
energy resources (DERs), a utility-scale solar photovoltaic
(PV) system, a battery energy storage system (BESS), a
backup diesel generator (DG), or a combination of these
resources with a single point of common coupling. A cell is
supposed to consist of such assets. To define the criticality
index of each asset, we first characterize the intensity of an
extreme event (e.g., temperature for wildfire events or wind
speed for tornado events), and then we assume lognormal
fragility curves [10] for the assets depending on the event.
These fragility curves determine how an asset will transition
from one damaged state to another; a representative figure is
shown in Fig. 2. For each asset, the output power capability
is reduced to the percentage amount shown in Fig. 2
whenever there is a transition from one state to another
depending on the event intensity. Given such fragility curves
for all the assets as well as for the power lines in the
distribution system, we determine the criticality of an asset at
a node n by assuming that it is unavailable while at the same
time considering different damaged states of other assets and
power lines depending on several event propagation
scenarios. For simplicity, each event propagation scenario is
assumed to be a time-varying set of distribution power lines
that go out-of-service as the event traverses through the
distribution system, and the event paths are generated
randomly. For each event propagation scenario, a load-
shedding minimization optimal power flow (OPF) problem is
solved considering critical load requirement, available
resources and node voltage limits for 7 time steps; thus, for
each node n, the total load shed, considering the
unavailability of the asset at node n and several event
propagation scenarios, normalized over the max load shed,
will be the criticality index of node 7, as given in (1), where
S is the set of event propagation scenarios; LSS is the load-
shedding in the system for an event propagation scenario, s,
considering the unavailability of the asset at node n; and C,
is the criticality index of the asset at node 7.

LS, = LSS (1)
ses
LS,
= 1b
* " max(LSpey) (1b)
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Figure 2. Fragility curves.

ii) Sustainability of critical loads: To ensure the continuity of
the power supply to critical loads in a cell during extreme
event scenarios, DERs—such as backup DGs, PV, and
BESS—will need to be dispatched; therefore, this feature
considers if the generation inside a cell is sufficient for
critical loads for at least T time steps by ensuring the power
balance as well as by ensuring that the node voltages inside
the cell stay within ANSI limits. This feature also considers
the presence of sufficient capacity from grid-forming
inverters to ensure that the cell properly can operate in
islanded mode as well. This capability is captured in the
following feature:

¢ —
rsus_l_

(ZiEAC I:[llc(t) - gl(t)]+ + [vl(t) - 17rna,x]+ +]\

[min_ i ]+
;Zmi v v;(t)

«x ST }}

- (2)
where T is the time horizon; A, is the set of nodes in a cell, ¢;
If is the critical load requirement; g; is the generation
dispatch; v; is the voltage at node i; and « is a normalizing
factor.

iii) Generation diversity: Geographically spread DERs of
sufficient capacity inside a cell could supply power to several
critical loads, even if some lines inside a cell are damaged;
therefore, this feature (shown in (3a)) calculates the
geographic variance of the generation inside a cell compared
to that of loads.

div, (t)
ré, = ZZ { - 9 } 3a
94 £ fter div(t) (3)
div, () = Yiea, Xjea,, j=i §i(©)g;(0) dg,;a;;(6) 3b)
9 Yiea, Xjea,, j=1§i(®)g;(0) dg, a;;(t)
ZiEAC Z]'EAC, ji lf (O (@) dy, a;(t)
div,(t) = — (3c)
ZieAc ZjeAc, j#i [ (t)lj ® dlijaij(t)
2 2
dgij = \/(xgi - xgj) + (ygi - ygj)
2 2
dy,; = \/(xli - xl,) + (Yli - YI,) (Bd)
d, = W%C]lx dli,» ;o dg = W%C]lx dgij (3e)
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where x4, Vg, Xy, yy; are the geographic x and y coordinates

of the generator i and load j, g; is the generation capacity at
node i, and [ is the critical load requirement.

iv) Availability of energy reserves: In an extreme event
scenario, the location and availability of energy reserves,
such as diesel d; for DG i and the state of charge (SOC) b; of
the BESS i, will ensure that a cell’s critical loads are supplied
for a longer time.

C —
Ter_

IfZiEAC[di(t) - fig:(O]+ +\|
Zz 4 T Yiea, fig9:(®) &
L et | Yiea [bi(t) — mippi (O)]+ |
l )

T Yiea NiPpi (t)

(®)
where f; relates diesel consumption to the DG’s power
generation, and 1); is the efficiency and p,;(t) is the active
power of the BESS.

v) Feasible islands: 1f an event strikes inside a cell, the ability
of the assets within that cell to further form multiple feasible
islands will significantly improve the cell’s overall resilience.
The feasibility of such islands is described as the feature:

ré
fi
If[ZiENj (gij(t) - lfj(t))]+\|

argmax e, N \ + Ziew[Vmax — v (0], ?
B z [+ Zien; [vii(®) = vman], | ©)
- Lager n(A)T
where Ng,;, is the number of islands possible inside the cell;
N; contains the nodes in the island j; and g;;, If;, and v;; are
the generation, critical load, and voltage at node i of island ;.

vi) Path redundancy: This feature considers the number of
possible parallel paths available from a generator node to a
critical load node.

. Zjen Lien /zkexE(PkUJ)) (6)

Tp?‘ n(N)z/ R
2E(Pi(i, )
where Py (i, j) is the k” path from node i to j; and E(Pk(i,j))

and E (P, (i, j)) are the electrical distance of the path and the
maximum electrical distance, respectively.

To calculate the aforementioned six features for any given
cell configuration, several event scenarios are considered.
Each event scenario corresponds to a different propagation
path of the extreme event over the feeder through time 7, as
shown in Figure 3. The event intensity at the center of the
event is considered as 0.5 p.u., and the intensity at the
neighboring five lines on either side is multiplied by a factor
based on a normal distribution, as shown in Figure 4.

For each event scenario, the fragility curves of the DER

Figure 3. A sample event scenario (propagation path) over a feeder,
with the yellow lines indicating the event boundary on either side.
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Figure 4. The event intensity ratio for lines on either side of the

event center.
assets are considered as in Fig. 2. Similar lognormal fragility
curves are also considered for the lines, and their capacities
are reduced. Finally, based on the reduced capacities of the
DER assets and the lines, depending on the event propagation
scenario, a load-shedding minimization OPF problem is
solved, and the values required to compute the features (1)
(6) are obtained.

Individual 1 [c}, ¢, ¢ ...ch i
le1, e2, €5 . Evaluate resilience index of possible cell Selection Convergence
Individual 2 [512, r:%, (_-g cﬁ] - configurations Crossover check
Individual 3 [¢3, c3, ¢3 ...ch] B e Mutation
availability in possible cell configurations NSGA-2
Individual P [¢], cf, c5 ...cR] Fitness Evaluation

Population of
Candidate Cell
Solutions

Figure 5. The cell formation approach.
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ce2/”

Figure 6. A representation of network slicing at switch locations to
form cells.

III. PARTITIONING OF A DISTRIBUTION SYSTEM INTO
RESILIENT CELLS

To partition a distribution system into multiple feasible
cells capable of operating in a resilient manner, let C be the
set of cells (1,..C) and C be the number of cells in which the
considered distribution system is ultimately partitioned.
Because the cell formation (or, alternatively, node clustering)
problem is a combinatorial problem, evolutionary
algorithmic approaches, such as the genetic algorithm, are
more suitable, where developing predefined, convexified,
and differentiable functions for resilience evaluations for a
given cell are not required. Further, we propose a bottom-up
approach, meaning that instead of requiring a priori that the
number of cells be prespecified, we can start considering each
node as a cell and then iteratively determine the optimal
number of cells based on resilience maximization. This
approach is also presented in Fig. 5.

We have adopted an enhanced genetic algorithm, known
as NSGA- II [9], and we have implemented parallel
computation techniques to achieve a faster run time. The
objective of the cell formation algorithm is to maximize the
following function:

Fovj =71 nmgom‘*)’anC‘F

cec cec

“ny [o.zz max ()~ ) gf] ™)
cec ien, t€T ien. |,

subject to the following constraints:

* The set of nodes, A, in each cell, ¢, € (1, ...C), must be a
contiguous set, meaning that all the nodes are next to one
another in the set A,.

* The sets A4, ..., A, must be disjoint sets, meaning that
there should not be any overlap of nodes between any two
cells.

* Each cell, c, using its own set of assets, A., must be able
to maximize sustenance for T=3 days of emergency
operation.

* The cells must have contiguous assets such that the
resilience features (1)—(6) are maximized.

* The distribution network can be partitioned only at lines
with existing switches to ensure physical cell islanding
during extreme events.

It is noted that even though (7) is not a multi-objective
problem, the properties of NSGA-II lend themselves well to
single objective functions also; therefore, NSGA-II has been
employed in this paper. In (7), Rox, is the resilience of a
cell, ¢; gf is the capacity of a grid-forming source at node 7
in a cell ¢, and N€ is the number of nodes. Essentially, the
objective is to maximize the SOM resilience index of all the
cells, to have similarly sized cells, and to ensure that the
capacity of the grid-forming sources inside each cell is at least

maximize
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Figure 7. Loads and DERSs in the feeder (Black dots—Load nodes;
Yellow dots—PV nodes; Black cross—ES nodes; Green dots—Grid-
forming ES and DG nodes).
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Figure 8. Optimal resilient cells in the feeder.

20% of the load to be picked up in that cell via black start.
The cell formation algorithm in Fig. 5 determines a subset of
the existing set of switches and breakers that need to be open,
resulting in the entire network being sliced (as shown in
Figure 6) into multiple islands, or cells, with optimal
resilience indices.

IV. SIMULATION RESULTS

The proposed cell formation algorithm was implemented
on a numerical model of a real distribution feeder in
Colorado, United States. This feeder has 159 load nodes, 10
DGs, 115 solar PV units, and 95 BESS. Further, all DGs and
BESS with more than 15 kW/40 kWh are considered as grid-
forming sources. To ensure that each cell can operate in
islanded mode, a high penalty is enforced that at least 20% of
grid-forming source capacity should be available in each cell
with respect to its critical load requirement. The locations of
the loads, PV, and BESS, along with those considered as grid-
forming sources are shown in Figure 7.

Figure 8 shows the locations of the optimal switches
(black rings) as determined by the cell formation algorithm,
along with the rest of the switches (black circles). The
optimal switches are the ones where the network has been
sliced, and based on these optimal switch locations,
partitioning the network resulted in seven optimal and
resilient cells, as shown in different colors in Figure 8. The
properties of these seven cells are discussed next.

As shown in (7), the objective function ensures that for
each cell at least 20% grid-forming capacity is available with
respect to the load requirement in that cell. This implies that,
upon convergence, the algorithm will prioritize each cell
having at least one grid-forming source that meets the load

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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Figure 9. Number of grid-forming sources in cells; Figure 10. The power ratio of grid-forming sources to the load requirement in cells; Figure 11. The

power ratio of all generation sources to the load requirement in cells.

requirement. There are 47 grid-forming sources (assuming a
threshold of 15 kW and 40 kWh for the BESS and all DGs)
in the feeder model. Fig. 9 depicts a heat map showing the
presence of grid-forming sources in the cells. For each cell
(i.e., each row), there is at least one lightly shaded area,
implying that the corresponding grid-forming source is
present in that cell. Further, in Fig. 10, which shows the
power ratio of the grid-forming nodes to the load requirement
for the cells, in the initial iterations of the algorithm, some
cell configurations have a very low ratio of grid-forming
sources; however, as the algorithm iterations progress, the
ratio in all the feasible cell configurations improves, and it

Resilience index

Cell index

0.0

Figure 12. Heat map of resilience index of cells.

remains above the desired 20% value.

Fig. 11 shows the ratio of the total power generation
available (including grid-forming and grid-following
generation), and upon convergence, all seven cells have
sufficient generation capabilities. Finally, Fig. 12 shows the
resilience index plot for the cells, and it can be observed that
as the algorithm iterations progress, the resilience of all the
cells is maximized.

V. CONCLUSION

This paper introduced a novel cell formation approach for
distribution systems with high penetrations of BTM DERs.
The cells are formed such that each cell is capable of black
start after an extreme event and can operate independently
under various extreme event scenarios. A SOM-based
resilience index evaluation method was adopted considering
several relevant features of a given cell configuration. Using
the resilience index and an evolutionary algorithm called
NSGA- 11, a population-based cell formation algorithm was
developed to optimally split a distribution system into
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resilient cells. Simulation studies were conducted on a model
of a real distribution feeder in Colorado, United States, and
the results demonstrated that the algorithm can be efficiently
applied to a real system to improve its resilience.
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