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Abstract—Non-utility owned distributed energy resources
(DERSs) are mostly untapped currently, but they can provide many
grid services such as voltage regulation and service restoration, if
properly controlled, and can improve the distribution system’s
reliability when coordinated with utility-owned assets such as self-
healing control and microgrids. This paper integrates transactive
energy control into the distribution system reliability evaluation to
quantitatively assess the impact of non-utility owned DERs on
reliability improvement. A transactive reactive power control
strategy is designed to incentivize the DERs to provide reactive
power support for improving voltage profiles thus enabling
additional customer load restoration during an outage. Also, an
operational sequence to coordinate the non-utility owned DERs
with the utility owned self-healing control and utility owned
microgrids is designed and integrated into the service restoration
process with the operational constraints guaranteed by checking
the three-phase unbalanced power flow for post-fault network
reconfiguration. The reliability indices are then calculated
through a Monte Carlo simulation. The transactive reactive power
control strategy is tested on a four-feeder distribution system
operated by Duke Energy in the U.S. Results demonstrate that the
non-utility owned DERs with the transactive control improve the
reliability of both the system and critical loads by more than 30%.

Index Terms — Microgrids, power distribution, power system
economics, power system reliability, power system restoration,
transactive energy.

NOMENCLATURE
Parameters:
B Set of phases connected with phase d
Cuoal Total electricity price ($/kWh)
Cuw Wholesale electricity price ($/kWh)
Retail price of electricity ($/kWh)
Ens Energy not served cost to DSO ($/kWh)
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Cons Demand not served cost to DSO ($/kW)
G,B Real and imaginary part of admittance matrix (S)

L. Average customer load power at load point I (kW)
MTTR  Mean time to repair of component i (h)

N, Total number of customers

N, L Set of nodes and set of branches

P’ Active power of phase d at node i (kW)

Q! Reactive power of phase d at node i (kVar)

S Rated apparent power of the inverter (kVA)
Sim  Capacity of the phase d of branch (i,j) (kVA)

1% Initial time instant of battery scheduling (h)

Vihin Lower bound of voltage of phase d at node i (V)
Vima Upper bound of voltage of phase d at node i (V)

¢ Random value between 0 and 1
4 Failure rate of component i
? Set of nodes that are connected with node i
At Unit scheduling period of battery (h)
AT Outage duration (h)
Variables:

Boso Benefits of the DSO ($)
Corr Cost of DERs ($)
Ewey  Required energy of battery (kWh)

MB,,  Marginal benefits of the DSO ($/kVar)
MCpex  Marginal cost of DERs ($/kVar)

MC.,  Aggregated marginal cost of DERs ($/kVar)
N; Number of interrupted customers in event i
Prg Total power output of a microgrid (kW)

Po Power output of solar PV panels (kW)

Ratey  POwer output of batteries (kW)

P

o POWET output of backup generators (kW)
P/ Active power flow of phase d of branch (i,j) (kW)
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Po Active power operating point of the inverter (kW)
Qj Reactive power flow of phase d, branch (i,j) (kVar)
Qi Reactive power operating point of inverter (kVar)
Qoer Supplied reactive power by a DER (kVar)

Reactive power at market clearing point (kVar)
r Interruption time for each event i (h)

TTF, Time to failure of component i (h)

TTR; Time to repair of component i (h)

Y Interruption duration at load point i (h)

A Complex voltage phasor of phase d at node i (V)
AP Additional load that can be restored (kW)

I. INTRODUCTION

DISTRIBUTION systems are becoming more complex and
experiencing some fundamental changes, including the
installation of an increasing number of intelligent devices and
control systems to increase distribution system reliability and
resilience against a high occurrence of faults and extreme
weather [1]. Among the various assets, some are utility owned
including distribution automation, self-healing controls, and
microgrids while some are non-utility owned such as various
types of distributed energy resources (DERs) including
photovoltaic (PV) panels, electric vehicles, and behind-the-
meter energy storage systems [2].

Using self-healing control and microgrids to improve the
reliability and resilience for electric grids has been widely
studied in recent years. An industry success of self-healing
control is recently reported in [3], and a literature review of a
self-healing distribution system is conducted in [4]. The use of
microgrids as a reliability and resilience source is studied in [5]-
[10] focusing on service restoration algorithms with microgrids
as virtual feeders [5], [6], formulation of radiality constraints
for microgrid formation after a disturbance [7], optimal
operation of distribution systems with networked microgrids [8],
[9], and optimal design of microgrids with battery and backup
generators to improve resilience [10].

To further improve reliability and resilience, networked
microgrids and their associated operation strategies are
addressed in [11]-[13]. Ref [11] proposes a two-layer optimal
consensus-based distributed control strategy to realize
coordinated operation of networked microgrids under various
operation objectives, e.g., frequency control, voltage control,
and islanding and resynchronization of microgrids, etc. In [12],
a division and unification control strategy is proposed to fully
utilize microgrids’ operational flexibility for improving
resilience, where the networked microgrids are switched
between a division mode and an unification mode depending on
the operation stages. Also, a comprehensive review of
distributed control and communication strategies in networked
microgrids are conducted in [13]. These papers focus on the
roles of utility owned assets, while the reliability benefits of
non-utility owned DERs are rarely studied because of various
challenges for existing control systems to directly control non-
utility owned DERs [2], including accessibility for direct
control, communication latency and bandwidth, widespread
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locations, and the large number of DERs, etc.

As a potential solution to engage non-utility owned DERs for
various utility applications, transactive energy has attracted
attention recently which provides incentive signals instead of
direct control to incorporate the willingness of customers who
own DERs to provide grid services [14]-[19]. Reference [14]
proposed a theoretical framework to formulate a large class of
transactive energy mechanisms. In the technical report [15],
[16], the research team led by Pacific Northwest National
Laboratory (PNNL) has conducted various use cases and
validated the performance of transactive energy in voltage
management under normal operating conditions. Reference
[17] further conducted a proof-of-concept study to illustrate the
capability of transactive energy to support service restoration in
fault conditions. A distributed control agent for non-utility
owned DERs is developed in [18] under the transactive energy
control framework, and the associated aging effects of PV
inverters when providing grid services are discussed in [19].

Non-utility owned DERs managed by transactive energy
control can serve as a promising supplement to self-healing
control and microgrids to further improve the reliability and
resilience in future advanced distribution systems, especially
after a bulk power grid outage or a severe fault with multiple
load segments interrupted, where the utility-owned assets may
not be enough to fully restore the customer loads without
violating operational constraints. Therefore, there is an urgent
need for distribution system planners and operators to evaluate
the reliability benefits of non-utility owned DERs and build the
confidence of transactive energy control deployment for
utilities.

In recent years, research on distribution system reliability
evaluation falls into three categories. The first category of
research evaluates the impacts of many advanced techniques on
distribution system reliability, including distributed generators
[20], PV integration [21], microgrids [22] [23], recloser
placement [24], self-healing control [25] [26], and outage
management strategies [27].

The second category of research evaluates the impacts of
several emerging issues on distribution system reliability,
including the impact of malfunction of remotely controlled
switches [28], availability of basic protection components [29],
momentary events [30], cold load pickup events [31], multiple
overhead feeders on the same tower [32], natural gas system
interaction [33], and cyber faults [34].

The third category of research has focused on improving the
reliability evaluation methods for various applications, for
example, the fault incidence matrix based analytical method in
[35] for reliability sensitivity analysis and reliability
improvement planning, the non-simulation-based methods in
[36]-[38] for reliability constrained distribution system
planning optimization problem, and the enhanced sampling
methods in [39] to reduce the computation time in the
sequential Monte Carlo simulation. Despite the above research,
the reliability benefits of non-utility owned DERS has not been
quantitively evaluated in the literature.

This paper proposes a comprehensive reliability evaluation
framework for a self-healing multi-feeder distribution system
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with utility owned reclosers and microgrid and non-utility
owned DERSs, based on a sequential Monte Carlo simulation.
The contributions of this paper are as follows. 1) The proposed
method incorporates transactive energy control into reliability
evaluation for the first time. 2) The transactive reactive power
control strategy in a double-auction market to incentivize non-
utility owned DERs for service restoration is evaluated on
practical large distribution systems, and the impact of different
penetration levels of DERs is demonstrated. 3) A detailed
operational sequence is designed to coordinate the non-utility
owned DERs and utility owned assets such as self-healing
system and microgrids in service restoration, where the
operational constraints are ensured by checking the three-phase
unbalanced power flow solutions. 4) A case study on a practical
four-feeder distribution system operated by Duke Energy in the
U.S. is conducted, and results show that the reliability indices
for both the whole system and the critical loads are improved
using self-healing control, microgrid, and transactive energy.
Especially, the engagement of non-utility owned DERs through
transactive energy plays a significant role in improving the
reliability of both the whole system and the critical loads.

The rest of the paper is organized as follows. In Section I,
the mathematical model and work mechanism of the transactive
energy are described. A detailed description of the proposed
reliability evaluation framework is provided in Section IlI.
Section IV gives the case study, and the conclusion is drawn in
Section V.

Il. UTILIZING TRANSACTIVE ENERGY OF NON-UTILITY DERS
FOR RELIABILITY IMPROVEMENT

This section describes the mathematical models and the
working mechanism of the transactive reactive power control
strategy to engage non-utility owned DERs to provide reactive
power support, enable additional customer load service
restoration during an outage, and therefore to improve the
distribution system reliability.

A. Mathematical Model

The transactive reactive power control is implemented as a
double auction market described below, including a distribution
system operator (DSO) model, a DER model, and a market
simulation model [17]. Here, DERs usually provide active
power in the normal operation and will be engaged to provide
reactive power for supporting service restoration after a fault.
1) DSO model in transactive energy

The DSO model is used to generate a demand curve
MByso = Npso (Qper ) Tepresenting the marginal benefits that the

DSO would receive from the reactive power support of DERs,
as shown in (1).

dB
MByg = dQDSO Q)
DER

Since an explicit mathematical relationship By, = f (Qpeg )

is not available, the following two steps are taken to derive the
relationship AP, = f,(Quez ) and By, = f, (AR ), where f,

is the load restoration curve representing the additional load that
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the DSO can restore as a function of the reactive power support,
f, is a function that converts the load restoration amount into

a dollar value. Therefore, Bygy = T, (f,(Qper)) = F (Qper) -
First, the load restoration curve f, is calculated in an

iterative manner by gradually increasing the reactive power
Qper 1n small steps and computing the additional active power
load that can be restored. For each small step, the three-phase
unbalanced distribution network power flow equation is solved
to check if the operational constraints are satisfied, including
the voltage constraints for each node and the power flow
constraints for each branch. Second, the relationship between
the received benefits Byy, and the additional customer load

restoration AP, is established in (2)-(3). The first term in (3) is

the loss of revenue because of failing to serve the loads, the
second term is the energy not served cost, and the third term is
the demand not served cost.

Boso = Cioi AP 2

total
Ctmal = (C\NL - CRT )AT + CENS AT + CDNS (3)

2) DER model in transactive energy

The DER model is used to generate a supply curve
MCper = hper (Qper) representing the marginal costs that the
DERs incur for providing the reactive power support as shown
in (4). An explicit mathematical relationship Cp.; = 9(Qpez )

is given in (5).

MCpe = dCDER 4
dQDER
Coer =Cqr ( Siznv _anw - Pinv)
(%)

- CRT (\/Siiv

3) Market model in transactive energy

The transactive energy market is designed as a double
auction market, and it receives both the demand curve
submitted by the DSO and the supply curves by the DERs. This
trading paradigm has been widely adopted in the conventional
energy market. Also, it is adopted in [16] to engage distribution
system assets for voltage management in Southern California
Edison distribution feeders, and in [17] to engage DERs for
improving distribution system service restoration. Since this
paper focuses on engaging DERs to reduce the number and
duration of customer interruption during outage events, the
reaction time of auctions is assumed to be negligible compared
with the interruption duration, which are usually several hours.

The multiple supply curves from all DERs are aggregated by
the market to obtain a single supply curve and are then
combined with the demand curve for market clearing. The
feasibility of aggregating the supply curves is validated in [16]
by case studies in Southern California Edison distribution
feeders and by the implementation and demonstration in [18].
The detailed process of aggregation is described in [16] and
briefly explained as follows. First, the pairs of reactive power

= (Qu +Qux )2 - Pinv)
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amount and the marginal price for all supply curves are sorted
in ascending order of the marginal price. Then, the available
reactive power associated with the lowest marginal price will
be taken. After the least expensive reactive power is completely
allocated, the next portion of reactive power amount associated
with the next lowest marginal price will be taken. Finally, this
process is repeated until the maximum amount of reactive
power is reached. Here, the maximum amount of reactive power
could be either the total reactive power amount of submitted
supply curves or the total demand, depending on which one is
smaller. If the submitted reactive power exceeds the demand,
then the extra reactive power amount will not be necessary to
construct the aggregated supply curve. If the submitted reactive
power amount does not meet the demand, then the restoration
plan will need to be adjusted by removing some load segments
such that the voltage can be maintained within the limits, i.e.,
only part of the interrupted load segments will be restored.

Finally, the cleared reactive power Qg is determined by the

intersection point of the demand curve and the supply curve in
(6).
MBpso (QDER ) = MCagg (QDER ) (6)

B. Working Mechanism

During an outage, the transactive energy controller (TEC),
which manages the non-utility owned assets for reactive power
support, needs to coordinate with the distribution management
system (DMS) which controls the utility assets (e.g., reclosers
and microgrids). The coordination process is designed as
follows. Here, Steps 1 and 3 are mainly conducted by the DMS,
Step 2 is conducted by the TEC, and Step 4 is conducted by
both DMS and TEC.

Step 1: When an outage happens, the DMS calculates an
optimal reconfiguration strategy only considering utility assets
and sends this reconfiguration strategy to the TEC.

Step 2: The TEC will run a double-auction market to
calculate the incentive signals to engage the non-utility owned
DERs and finds additional switching options.

Step 3: The DMS calculates new reconfiguration strategies
that can restore additional loads.

Step 4: The reconfiguration strategy is executed by both the
DMS and TEC, where the DMS controls the utility assets such
as reclosers and microgrids, and the TEC sends incentive
signals to engage the non-utility assets such as the DERs.

1) Operation of the double-auction market

The operation of the double-auction market [14] in Step 2 is
described to calculate the market clearing quantity of reactive
power from the TEC. After the TEC receives the
reconfiguration strategy from the DMS, the DSO and the DERs
will generate the demand curve and supply curves respectively,
as shown in Fig. 1. Then, the market clearing quantity is
calculated as the intersection point of the demand curve and
supply curve, where the supply curve is aggregated from that of
all DERs. After that, the additional load restoration that is
possible is calculated by substituting the clearing quantity of
reactive power into the load restoration curve. Finally, the
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additional switching option is determined based on the
additional load restoration amount, the total load of each
segment, the topology and the priority level of each segment.
The downstream load segment can be supplied only when the
upstream load segment is connected, and the load segment with
higher priority will be served first. Also, all loads in a given
segment must be either fully restored, or not restored [17]. For
example, considering there are two segments with the same
priority level that need to be restored, and the load in one
segment is 2 MW and the other segment is 1.5 MW. Assume
there exists a restoration path for each load segment. If the
additional load restoration amount is 4 MW, then both segments
can be restored. But if the additional load restoration amount is
3 MW, then the larger load segment with 2 MW is restored
while the 1.5 MW segment cannot be partially restored. This is
because loads in the same segment can only be either fully
restored or not restored. Here, the two steps of clearing the
market and determining additional switching options are
executed by the transactive energy controller, which is
independent from the DSO and DERs, and could be owned by
either the distribution system utility itself or a third party.

[ Reconfiguration strategy from ]

DSO side Di/[S DER side
v ikl [ elnkeinininylaihiyisiniininiki [ 2atnteieintniei
4 N :
Calculate load ' Calculate cost Calculate cost !
restoration curve | curve of DER #1 curve of DER#N | !
AP, = f, (QDER ) H Cozz = & (QDER) Coez = &v (QDER) |
| - I
¥ ' ¥ v !
| |
Calculate benefit 1| Calculate supply Calculate supply |,
curve i curve curve E
i MCpp = hpen x (Opez !
| |
i ]

Bpso = (Opzz) = Pipzz 1 (Opez Crer
(g ) T

Calculate demand

curve
MBis, = hipso(Qper)

Aggregate supply

curves
MCrpp aggreated (QDER )

v

Calculate clearing quantity
QDER
v

Calculate additional switching
options and send to DMS

Fig. 1. The operation of the double-auction market.

2) Operation of the DERs to provide reactive power support

The detailed operation of DERs for providing reactive power
support is illustrated in Fig. 2 and explained as follows. The
VOLTTRON™ message bus and the Open Field Message Bus
(OpenFMB) modules play important roles in this process. The
OpenFMB module is the message bus to which many types of
devices in the system can connect, including 1) the utility
owned assets such as reclosers and microgrid, which are
connected to the OpenFMB via remote terminal units (RTUS)
and 2) non-utility owned assets such as DERs, which are
connected to the OpenFMB via a VOLTTRON™ message bus,
an open-source distributed control platform developed by
PNNL [40]-[41].

To enable the DERs for providing reactive power support,
three key elements are needed: 1) a transactive energy
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controller, 2) an inverter Modbus agent, which connects the
VOLTTRON™ message bus and the inverters in each DER
using Modbus TCP/IP protocol in order to monitor and control
the DERs, and 3) an inverter control agent, which coordinates
the VOLTTRON™ message bus, the transactive energy
controller, and the OpenFMB module using the NATS publish-
subscribe protocol.

At first, if the inverter control agent does not receive a signal
from the transactive energy controller, it remains in the waiting
state and will wait for the next market. If a signal from the
transactive energy controller is received, the agent will
construct the DER supply curve and send the curve to the
transactive energy controller to participate in the market. Then,
the agent will receive the cleared price from the transactive
energy controller, and further calculate the reactive power
amount to be supplied. Finally, the agent will send the reactive
power amount to the VOLTTRON™ message bus, and further
to the inverter Modbus agents to change the setpoints of DER
inverters for providing reactive power support. More details of
the inverter Modbus agent and inverter control agent and
demonstrations of controlling DERs for providing reactive
power support is presented in [18].

DER 1 Non-utility DERs

DER N

Modbus 1 Modbus
Inverter modbus agent Transactive Inverter modbus agent
Tt energy Tt
VOLTTRON™ message bus
T1 ATS NATS

[ Inverter control agent

NATS

Inverter control agent

NATS

OpenFMB
module

T ] [ U ][ :UL' )

L1 T

[ RTU ] [

[ Recloser N ] [ Microgrid 1 ]

[ Recloser 1 ] [ Microgrid N ]

Fig. 2. Distributed control of DERs to enable reactive power support.

I1l. RELIABILITY EVALUATION METHOD WITH SELF-
HEALING CONTROL, MICROGRID AND TRANSACTIVE ENERGY

With the market model and operation paradigm of transactive
energy described in Section II, this section focuses on
incorporating the transactive energy into the reliability
evaluation method. To do so, the detailed operational sequence
is needed to coordinate the non-utility owned DERs and utility
owned assets such as self-healing system and microgrids in
service restoration. Therefore, this section first describes the
self-healing control and microgrid model in practical
distribution systems. Then, the reliability evaluation method
based on a time-sequential Monte Carlo simulation is proposed
to incorporate the three emerging techniques, i.e., self-healing
control, microgrid, and transactive energy.

A. Practical Distribution System with Self-healing Control

Self-healing control typically features the capability of
autonomous fault isolation and service restoration after a fault
occurs. It can speed up the service restoration process and
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reduce the number and duration of customer interruptions, thus
becoming an attractive technique for distribution system
utilities to improve reliability and resilience in recent years.
Self-healing control is enabled by advanced distribution
automation protection devices such as smart switches,
reclosers, and other remotely controlled switches as well as the
associated communication and control technologies. These
protection devices can either reconfigure the system
automatically or can be controlled by operators remotely, and
they act much faster than conventional manual switches, which
can take a field crew several hours. In this paper, reclosers are
considered as the key component to realize self-healing control,
and they are also connected to the OpenFMB to publish their
status update and subscribe to the status of other devices as
shown in Fig. 2. Here, the three-phase unbalanced power flow
equations in (7)-(9) are calculated to guarantee the operation
constraints of voltage and line flow when maximizing the total
restored loads in the service restoration. Equation (7) is the
three-phase unbalanced power flow equation in rectangular
coordinates, (8) is the voltage magnitude constraint, and (9) is
the line flow constraint.

G»dt| t B.dtR ¢
{P'dH Im(v) Rew)} 2 3G Imv) + B! Re()
Q' | |-Re(,") Im(v?) ZZ(Giﬁ‘Re(\/k‘)—B;;‘|m(vk'))’

keg teBy
VieN,vd e {a,b,c}
U]

VieN,vd e{a,b,c} (8)

imax

Vifjmin < |Vid | Sv'd

(PE) +(QY) =(S¢ )+ VG0, ) €L, Vd fa,b,c} ©)

B. Microgrid Model and Operation Mode

In addition to self-healing control, microgrids are also
regarded as a potential way to improve system reliability and
resilience, especially for ensuring reliable operation of critical
loads (e.g., hospitals, emergency management centers, etc.).
Typically, the power sources in a microgrid include PVs,
batteries, and backup generators. The available power and
energy that the microgrid can serve are given in (10) and (11)
respectively, where the required energy of the battery is
calculated from the battery power output and the time duration
of a fault AT for batteries to supply power. Here, the required
energy of the battery should be no more than the available
battery capacity. More details about the models and operations
of microgrids during a fault can be found in [10].

ng (t) = va (t) + Pbattery (t) + Pbackup (t) (10)
to+AT
Ebatlery = Z Pbanery (t)At (11)

t=t,

When service restoration from a microgrid is desired, the
microgrid controller needs to determine if it can supply power
to a given segment for a required time period, and reports this
to the centralized self-healing control. Then, the self-healing
control re-evaluates the switching plan and instructs the
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microgrid to switch to islanded mode. Finally, the microgrid
controller executes the islanding operation. The communication
between the microgrid controller, the reclosers, and the
centralized self-healing control can be realized by OpenFMB.

C. Reliability Evaluation Method with Three Advanced
Techniques

The reliability evaluation procedure is shown in Fig. 3 and
explained as follows. The input system parameters include
system topology, load information, impedance of overhead
lines and underground cables, and voltage operational
constraints. Here, the impedance of the overhead lines and
underground cables is used to compute the three-phase
unbalanced power flow and ensure the voltage operation
constraints are satisfied during the self-healing control. In this
paper, the three-phase unbalanced power flow was solved using
the MATLAB code in [24], [42]. Also, the locations of reclosers
are needed for the service restoration using the self-healing
system; the microgrid locations and territories are needed for
the service restoration using the microgrids; and the locations
and capacities of the non-utility DERs are also needed to
capture the additional load restoration when engaging the
transactive energy. Also, the input data for a sequential Monte
Carlo simulation include the failure rate and repair time of both
overhead lines and underground cables, which can be calibrated
using the historical reliability indices in the utility. With these
input data, the reliability evaluation method can calculate the
reliability indices of the whole system and the critical loads.

The event history of each component is first generated using
a time sequential Monte Carlo simulation after importing the
system parameters, where the momentary faults are not
considered in this paper. The operational history of each
component is created in the time sequential Monte Carlo
simulation as a two-state model, including the up state and the
down state. The time during which the element remains in the
up state, i.e., the time to failure (TTF) is generated by (12), and
the time during which the element is in the down state, i.e., the
time to repair (TTR) is generated by (13) [20].

TTF, = ) , 8760 (12)
A
TTR = —In(¢)x MTTR, (13)

For each fault event k in {1, 2, ..., K}, where K is the total
number of events, the fault isolation and service restoration are
performed to identify the interrupted load sections during the
event. The faults happening at a lateral branch are isolated by a
fuse, and the customers are restored after the fuse is replaced.
The faults happening at the main trunk are isolated by reclosers,
followed by the restoration process.

To incorporate the three emerging techniques, i.e., self-
healing control, microgrid, and transactive energy, the service
restoration process needs to be modified compared with the
conventional reliability analysis procedure, as shown in the
right part of Fig. 3. Also, the operational sequence of the service
restoration using the three advanced techniques is designed and
described in detail below.

First, a three-phase to ground fault happens at fault k. An
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example of this fault type would be a tree falling across the line
and contacting the ground. Based on the fault location, the
adjacent protective devices (e.g., reclosers, circuit breakers,
etc.) sense the fault current and operate based on the local
protection settings. The faulted segment will remain in a non-
energized (isolated) state until the faulted line is repaired. The
centralized self-healing control evaluates the current system
condition and designs several restoration paths that satisfy the
voltage operational constraints. In this paper, a heuristic method
based on a graph representation of the segment model is
adopted to find feasible restoration strategies with details
described in [25]. In addition, the existing service restoration
algorithms based on the mathematical optimization in the
literature are also compatible with the proposed reliability
evaluation method. A comprehensive review of service
restoration algorithms is presented in [43].

The microgrid controller also checks its available power and
energy and evaluates if it can support the territory for a required
time period. The microgrid will report it to the DSO and wait
for islanding signals to switch to islanded mode if it can support
its territory during the fault.

Furthermore, if the non-utility DERs are available, the
transactive energy control is engaged. A double auction market
is established with the demand curve submitted by the DSO and
the supply curves by the DERs. With market clearing, the
additional switching option is determined and sent back to the
DSO to restore additional load segments. With these three
advanced techniques, both the restored and interrupted load
segments are determined for the reliability calculation. The
reliability indices are then calculated from the customer
interruptions of all generated events.

Input the system
parameters

Generate the event history of each

Perform service restoration

component art fanlt k
.
Determine the element e with the Build the graph model of the
minimum TTF (time to failure) system segments
¥ ¥
Generate the random TTR (time Identify the un-faulted

to repair) of element e

segments to be restored
v
Isolate the fault with the adjacent With self-
protective device N
v Y
Perform service restoration at I:> Restore the segment by a
fault & graph-based algorithm

¥ —
Determine the interrupted With
segments at fault k N icrogrid?
v Y
N Restore the segment
within territory of microgrid
Y 5 4
Calculate the load point -
operating/restoration history N
¥ Y
Calculate the system reliability Restore the segment
indices within the capability of DERs
—
Output the Output the set of restored
results segments 3

Fig. 3. Procedure of the distribution system reliability evaluation.
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Utilities typically utilize a set of indices [44] to evaluate the
system reliability, e.g., System Average Interruption Duration
Index (SAIDI), System Average Interruption Frequency Index
(SAIFI), etc. The SAIFI in (14) shows the frequency that the
average customer experiences a sustained interruption over a
predefined time period. The SAIDI in (15) shows the total
duration of interruption for the customers during a predefined
period. It is usually calculated in minutes or hours of customer
interruption. There are also other reliability indices, e.g.,
average service availability index (ASAI), average service
unavailability index (ASUI), energy not served (ENS), and
average energy not served (AENS) [45], given in (16)-(19)
respectively.

SAIFI =3 N, /N; (14)
SAIDI = 3" N, /N, (15)
ASAI = (8760 — SAIDI)/8760 (16)
ASUI =1- ASAI 17)

ENS =) LU, (18)
AENS = ENS/N; (19)

IV. CASE STUDY ON A DUKE ENERGY DISTRIBUTION SYSTEM

The studied Duke Energy distribution system has four
feeders operating at 12.47 kV, named as Feeder 1, 2, 3, 4,
respectively. These four feeders are supplied by two substations
as shown in [2]. There are two rooftop solar PV sites and a
microgrid site with 2 MW of solar and batteries to serve critical
loads in the system. Also, the system has four circuit breakers
and 12 reclosers that have been installed or are being installed,
where RCL2, RCL7, RCL9 and RCL11 are normally open tie
switches while the others are normally closed sectionalizing
switches. The voltage operational constraint is selected based
on the range A of the allowable ANSI C84.1 [46], where the
voltage across the network is between 0.95 p.u. to 1.05 p.u.

A. Circuit Model and Segmentation

Table I shows the basic information of each feeder, including
the number of nodes, the number of lines, the contained
segments, the number of loads, the total line length in miles, the
total load power in MW, and the total number of customers. Fig.
4 shows the load distribution and line length distribution for
each segment.

TABLE |
BASIC INFORMATION OF EACH FEEDER
Feeder F1 F2 F3 Fa
Nodes 393 386 604 634
Lines 392 385 603 633
Segments S0-S1 S2-S6 S7-S9 S10-S11

Loads 175 164 292 273
Length (miles) 8.12 12.93 19.35 18.01
Power (MW) 2.79 6.59 6.41 7.78
Total customers 434 470 974 1294

The system segment model is represented as a single-line
diagram in Fig. 5, where the blue squares mean the substation

7

node of each feeder, the black dots mean segments, the solid
line means closed reclosers while the dashed lines mean open
reclosers. Here, S3 and S4 are the critical load segments.

6F

Load(MW)
— (3] w N W

SO S1 S2 S3 S4 S5 S6

@

S7 S8 89 S10 Sl11

Total length (mile)

SO SI S2 S3 S4 S5 S6 S7 S8

S9 S10 Sl1
(b)

Fig. 4. Statistic data of each segment, a) load distribution among each segment,

b) line length distribution among each segment.
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Fig. 5. Segment model under normal condition.
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Fig. 6. Segment model after fault isolation.

B. Reactive Power Support from Transactive Energy

Assuming a permanent fault happens in S11, it is isolated by
opening CB4 and RCL12. The system segment model after
fault isolation is shown in Fig. 6. The faulted segment S11 will
be in an outage state until the faulted line is repaired. Also, S10
will lose power and need to be restored by adjacent feeders.
Since the loading of S10 is relatively high, it cannot be restored
by any of the other three feeders if only using utility-owned
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assets since the voltage constraints will be violated after picking
up S10. Therefore, non-utility DERs need to be engaged to
enable the restoration of S10. For illustration, Feeder 3 is
selected to pick up S10.

Fig. 7 shows the detailed operation of the transactive energy.
From the load restoration curve in Fig. 7(a), the demand curve
in Fig. 7(b) is calculated by the marginal benefit that the DSO
can receive from reactive power support. Then, from the supply
curve of each DER in Fig. 7(c), the aggregated supply curve in
Fig. 7(d) is calculated. Both the demand curve and the supply
curve are inputs to the double-auction market. Fig. 7(e) shows
the market clearing point for this case is (2,791 kVar, 0.048
$/kVar), computed by the intersection of the demand curve and
aggregated supply curve. It means the DSO and DERs are
willing to trade reactive power for 2,791 kVar at the price of
0.048 $/kVar. The cleared reactive power is mapped on the load
restoration curve to calculate the actual amount of the load that
can be restored for the given cleared reactive power value. From
Fig. 7(a), these reactive supports can help restore an additional
6,670 kW of load, which is larger than the load amount of S10.
Therefore, S10 could be fully restored after engaging the non-
utility DERs through transactive energy. The additional
restored load segment S10 is 25.96% of the total load in the
whole system, and the total load in Feeder 3 under this new
configuration is increased by 95.41%.

Fig. 8 shows the voltage profile for the new configuration of
Feeder 3 before and after engaging the non-utility owned DERs
through transactive energy. Before using transactive energy,
Feeder 3 has a low-voltage issue when picking up the large load
in segment S10, and the minimum voltage magnitude is around
0.92 p.u. But after using the transactive energy, the voltage is
within the limit (0.95 p.u.) because the non-utility DERs are
used to provide reactive power support and improve the voltage
profile.
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Fig. 8. Voltage profile of Feeder 3 when restoring S10.
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C. Service Restoration Strategies under All Fault Locations

A sequence of events in a 10-year time period is generated
by a time sequential Monte Carlo simulation to mimic the
behavior of the practical distribution system. Fig. 9 shows the
histogram of the simulated faults among the segments.

Table II gives the different scenarios’ settings, where the
base case means the traditional distribution systems with
manual switches only and the time for manual switching
operation is set as 1.5 hours [47] in the case study. Table IlI
summarizes the restoration results of all the possible fault
locations under the scenarios in Table Il. For Scenario 3 with
transactive energy, we further investigated different penetration
levels of DERs that can participate in the transactive energy
control to be more practical. It shows that with higher
penetration of DERs, the more reactive power can be provided,
thus improving the voltage profile and enabling the restoration
of additional load segments. By gradually increasing the DER
penetration level, which is the percentage of total DER capacity
in the total load of the four feeders, we obtained the following
results: 1) when the DER penetration level reaches 10%, S4 can
be restored by transactive energy, even without the microgrid;
2) when the DER penetration level reaches 20%, S8 can be
further restored; and 3) when the DER penetration level reaches
60%, S10 can also be restored.

300
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Number of events
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scenario. It shows that Scenario 1 with self-healing control can
reduce the SAIFI by 11.85%, since the deployment of reclosers
and self-healing control can enable the capability of
autonomous service restoration after an outage. Furthermore,
Scenario 3 with transactive energy can greatly improve the
system reliability, for example, the SAIFI and SAIDI can be
reduced by 38.72% and 31.59% from the base case respectively
if the DER penetration levels reaches 60%. These results
demonstrate the great potential of transactive energy combined
with self-healing control in improving the whole system level
reliability. For Scenario 2 with microgrid, the reliability indices
of the whole system do not have significant improvement
compared with Scenario 1 with self-healing control only. This
is because the size of the microgrid is relatively small and is
mainly used to serve the critical load. Therefore, the microgrid
will greatly improve the reliability of the critical load as
intended, but would only have a small impact on the whole
system.

TABLE IV
RELIABILITY OF THE WHOLE SYSTEM
Scenario SAIFI SAIDI SAIFI] SAIDI |
Base case 12.99 63.06 - -
#1 11.45 61.24 11.85% 2.89%
#2 11.42 61.10 12.09% 3.11%
#3:10% DER 11.42 61.10 12.09% 3.11%
# 3: 20% DER 10.05 54.97 22.64% 12.83%
# 3: 60% DER 7.96 43.14 38.72% 31.59%

“|” means the percentage of reduction.

Table V shows the reliability indices of the critical load as
well as the reliability improvement compared with the base
scenario. It shows that Scenario 1 with self-healing control does
not improve the critical load reliability due to the lack of
available service restoration path. For all other scenarios, there

SO S1 S2 S3 sS4 S5 S6 S7 S8 S9 SI0 Sl exists a path to restore the critical load segment S4, either by
Fig. 9. Histogram of the simulated faults. the microgrid in Scenario 2 or by the transactive energy in
TABLEII Scenario 3, so the reliability indices of the critical load segment
SCENARIO SETTINGS are greatly improved by the microgrid or the transactive energy.
Scenario Manual Reclosers & Microgrid Transactive TABLE V
switches self-healing energy RELIABILITY OF THE CRITICAL LOAD
Base case v - - - -
a1 B N B B Scenario SAIFI SAIDI SAIFI| SAIDI |
Base case 6.59 30.50 -- --
- v v -
z g ¥ Y ; #1 6.59 30.50 - -
- #2 4.02 16.38 39.00% 46.30%
#3:10% DER 4.02 16.38 39.00% 46.30%
TABLE I #3: 20% DER 4.02 16.38 39.00% 46.30%
SUMMARY OF SERVICE RESTORATION FOR ALL THE SCENARIOS #3: 60% DER 4.02 16.38 39.00% 46.30%

Non-restored

Scenario Details
segments
Base case S3, S4, S8, S10 -
#1 S3, S4, S8, S10 -
#2 S8, S10 S3 & S4 by microgrid
#3:10% DER S8, S10 S3 & S4 by transactive energy
# 3: 20% DER S10 S8 by transactive energy

# 3: 60% DER -- S10 by transactive energy

D. Reliability Improvement in a Self-healing Distribution
System with Microgrid and Transactive Energy

Table IV shows the reliability indices of the whole system as
well as the reliability improvement compared with the base

TY OF TENNESSEE LI
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E. Discussions

Regarding the scalability, the proposed reliability evaluation
method is tested on a practical distribution system with more
than 2000 nodes, and it is also capable to deal with larger size
distribution systems. Since the distribution system is usually
operated in a segment manner, the segment model based on
switch locations is widely used in finding the service restoration
strategies. The number of segments is usually much smaller
than the number of nodes in distribution systems, which makes
the service restoration process scalable. After feasible service
restoration strategies are calculated, the full model is used to
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solve the three-phase power flow and check the voltage
violations for all nodes. Also, the distributed control
implementation of transactive energy is scalable to engage a
large number of and widespread locations of DERs in practical
distribution systems. In addition, the needed DER penetration
level in Table I could be slightly different under different
selections of DER locations in order to restore the same number
of load segments, while the reliability indices will only be
changed when the restored load segments are different.

The voltage operational constraint in the previous case study
is selected based on the range A of the allowable ANSI C84.1
[47], where the voltage across the network is between 0.95 p.u.
to 1.05 p.u. If a tighter or looser voltage range is selected, then
the service restoration strategies in Table Il for different
penetration levels of DERs may be slightly changed. For
example, if the voltage range is tighter, then it becomes harder
for the service restoration strategies to meet the voltage
constraints. As a result, there may be additional non-restored
segments in Table Il other than S3, S4, S8 and S10, for both
the base case and Scenario 1. Then, the non-restored segments
will also be more than S8 and S10 for Scenario 2 and Scenario
3, which will need higher penetration levels of DERSs to restore
these possible additional segments. Similarly, if the voltage
range is looser, then a lower penetration level of DERs is
sufficient to restore the same number of load segments.

The size of the microgrid in the previous case study is no less
than the amount of the critical load, and it can support the
critical load when needed. If the microgrid is larger, it will not
impact the reliability results as long as it only serves the critical
load within its territory. But if the microgrid is smaller, there
may exist some events during which the available power of the
microgrid does not meet the demand of the critical loads. This
will not impact the reliability of the whole system much in
Table 1V, since the critical load is a small portion compared
with the total load in the whole system. However, the reliability
of the critical load will be lower in Table V for Scenario 2 and
Scenario 3. Specifically, the SAIFI of the critical load in
Scenario 2 and Scenario 3 will be between 4.02 and 6.59, and
the SAIDI will be between 16.38 and 30.50. Also, a higher
penetration level of DERs will be needed to restore the critical
load in this case.

Two reliability indices, i.e., SAIFI and SAIDI are calculated
for demonstration in the previous case study, and the proposed
method can also be used to calculate other widely used
reliability indices. Tables VI and VII further give the ASAI,
ASUI, ENS, and AENS of all the scenarios, for both the whole
system and critical loads. The result shows these reliability
indices are also greatly improved after engaging the non-utility
owned DERs.

TABLE VI
ADDITIONAL RELIABILITY INDICES OF THE WHOLE SYSTEM

Scenario ASAI ASUI ENS AENS

Base case 0.9928 0.0072 22737 7.17

#1 0.9930 0.0070 21495 6.78

#2 0.9930 0.0070 21378 6.74

#3:10% DER 0.9930 0.0070 21378 6.74

#3:20% DER 0.9938 0.0062 19291 6.08

# 3. 60% DER 0.9951 0.0049 14781 4.66

ublication/redistribution re
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TABLE VII
ADDITIONAL RELIABILITY INDICES OF THE CRITICAL LOAD

Scenario ASAI ASUI ENS AENS
Base case 0.9965 0.0035 198.11 7.08
#1 0.9965 0.0035 198.11 7.08
#2 0.9981 0.0019 106.33 3.80
#3:10% DER 0.9981 0.0019 106.33 3.80
#3: 20% DER 0.9981 0.0019 106.33 3.80
# 3: 60% DER 0.9981 0.0019 106.33 3.80

uires IEEE permission. See http://www.ieee.org/publications_standards/

V. CONCLUSIONS

This paper proposes a comprehensive reliability evaluation
framework that integrates three advanced techniques: self-
healing control, microgrid, and transactive energy with non-
utility owned DERs. Different from existing research, this
paper integrates a transactive reactive power control strategy in
the reliability evaluation for the first time to quantitatively
analyze the impact of non-utility owned DERs on distribution
system reliability. An operational sequence is designed to
coordinate the non-utility owned DERs with the utility owned
self-healing system and microgrids in service restoration, and
the detailed three-phase unbalanced power flow is considered
to ensure the feasibility of restoration strategies. The case study
is conducted on a practical distribution system with four feeders
operated by Duke Energy. Results show that the reliability
indices of both the whole system and the critical loads are
improved using the combined self-healing control, microgrid,
and transactive energy. Especially, the engagement of non-
utility owned DERs through transactive energy demonstrates
great potential in improving the reliability of distribution
systems. In the future work, the impact of the communication
failure on the practical distribution system reliability is worth
further analyzing.
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