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Decision Support System for Adaptive Restoration
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Abstract—Aiming at the high-dimensional uncertainties of res-
toration process, an optimization model for distribution system
restoration control is proposed considering expected restoration
benefits, expected restoration costs, and security risks of the
overall restoration scheme. In the proposed model, the effect of
security control on restoration process is actively analyzed con-
sidering the security control costs of preventive, emergency, and
correction controls. A two-layer decision support framework for
distribution system restoration decision support system
(DRDSS) is also designed. The upper layer of the proposed
framework generates the pre-adjustment schemes of operation
mode for energized power grid by load transfer and selects the
optimal pre-adjustment scheme and the corresponding partition-
ing scheme based on the partition adjustment results of each
pre-adjustment scheme. In addition, it optimizes the spatial-tem-
poral decision-making of the inter-partition connectivity. For
each partition, the lower layer of the proposed framework pre-se-
lects the units and loads to be restored according to the pre-evalu-
ated restoration income, generates the table of alternative restora-
tion scheme for coping with uncertain events through simulation
and deduction, and evaluates the risk and benefit of each scheme.
For the uncertain events in the actual restoration process, the cur-
rent restoration scheme can be adaptively switched to a sub-opti-
mal scheme or re-optimized if necessary. Meanwhile, the pro-
posed framework provides an information interaction interface
for collaborative restoration with the related transmission sys-
tem. A 123-node test system is built to evaluate the effectiveness
and adaptability of the proposed model and framework.

Index Terms—Distribution system, restoration, pre-adjust-
ment of operation mode, load transfer, dynamic partitioning,
risk and benefit, security control.

1. INTRODUCTION

N case of a blackout, the restoration control of a distribu-
tion system is used to quickly restore the power supply in
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a safe and efficient manner to reduce the outage losses and
mitigate the security risks in the restoration process [1].
Based on the local information such as adjacent bus voltage,
line current, switch state, etc., the feeder-level power outage
can be quickly restored by the devices of automatic reclos-
ing, standby automatic switching, and feeder automation ac-
cording to the preset logic operations [2]. For rapid restora-
tion of a large-scale distribution power outage, it is neces-
sary to comprehensively consider multiple independent parti-
tions formed by the power delivery plan of the transmission
system [3] at each transmission-distribution interfacing bus
(TDB), black start resources [4], and microgrids [5] in the
distribution system. It is noteworthy that all the partitions
are restored in parallel and connected promptly to continu-
ously expand the scope of restoration. According to the
IEEE standard 1547 [6], each distributed generation (DG) in
the network should be automatically disconnected after a se-
vere disturbance. If certain conditions are met such as v-f
control capability, etc., DGs can form intentional island to
supply power to the load in advance [7]. During the restora-
tion period, it is essential to manage high-dimensional uncer-
tainties regarding outage scenarios, external environment,
and restoration processes. The uncertainty of outage scenari-
os mainly refers to the spatial-temporal uncertainty of the to-
pology, model parameters, and node power injection of the
energized power grid. The external environment uncertainty
is reflected in the influence of uncertain external natural di-
sasters on the operation state and failure probability of pow-
er equipment and communication systems. The uncertainty
of restoration process mainly refers to the uncertainty of the
restoration operation results, including whether the local au-
tomatic device or field staff can successfully complete the
restoration operation, the time of restoration operation,
whether the voltage or frequency problem occurs after the
restoration operation, whether various failures occur during
the restoration operation, and whether the safety control mea-
sures can maintain the safe operation of the system after the
failures, etc. Therefore, distribution system restoration is re-
garded as a multi-level, multi-region, multi-stage, strongly
uncertain, nonlinear, and high-dimensional optimization prob-
lem [8]. The major optimization objectives of this problem
include the minimization of load outage loss [9] and the
number of switching operations required for restoration [10].
The restoration schemes are usually optimized based on
mathematical programming [11], heuristic methods [12], or
meta-heuristic methods [13].

Distribution networks generally adopt closed-loop design
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and open-loop operation mode. It is notable that, in order to
prevent closed-loop operation mode in the distribution net-
work, the power grid supplied by one TDB should be re-
stored according to its own partition and independent from
power grids supplied by other TDBs. The action of matching
the available power supplies and restoration targets through
partitioning affects the restoration decision-making space of
each partition and the global load restoration income of the
distribution system. In [14], the partitions are determined ac-
cording to the fixed power supply scope of each TDB dur-
ing normal operation, which is unable to adapt to uncertain
outage scenarios. In [15], a partitioning method is proposed
based on expert knowledge considering various factors such
as power supply margin, distribution network topology, and
typical power supply mode. In [16], the DG partitions are di-
vided based on heuristic method, whereas the division of
overlapping areas among partitions is not mentioned. The
restoration schemes of power supplies are uniformly opti-
mized from the whole network perspective by using mathe-
matical programming methods in [17], [18]. It is notable that
the aforementioned works do not consider the time variabili-
ty of neither the restoration income per unit load nor the
power delivery from the transmission system to the distribu-
tion system at TDBs.

Most of the existing studies attempt to optimize the parti-
tions and restoration schemes based on a single outage sce-
nario. The time-varying characteristics of loads in distribu-
tion system, restoration income per unit load, power delivery
from transmission system to distribution system at each
TDB, along with the uncertainties in the restoration process
may lead to the mismatch in available power capacity, distri-
bution network topology, and load demand. Thus, there is a
space for optimizing and adjusting system operation mode of
energized power grids in a certain outage scenario. Based on
a real-time outage scenario, more hypothetical scenarios are
provided for dynamic partitioning by optimizing pre-adjust-
ment schemes of operation mode for energized power grids,
to supplement more matching options between available
power sources and restoration targets. Currently, there are a
few studies which provide a detail on this. For instance, [15]
proposes a method which transfers the loads in the restored
power grid, where the operating conditions reach the limits
to other restored power grids to improve its power supply
margin.

Considering the high-dimensional uncertainties in the res-
toration process, the probability and risk of load restoration
delay are considered in the decision-making process in [19],
whereas the impacts of uncertain events on the security risks
of the distribution system are not considered. In [20], the res-
toration schemes are re-optimized to cope with the uncertain
events in the restoration process without distinguishing the
characteristics and influences of various uncertain events,
which makes it hard to manage and control the restoration
process adaptively.

The uncertain events in the restoration process may trig-
ger preventive control, emergency control, or correction con-
trol to ensure operation security of power system, which is
called security control in this paper. It is obvious that the se-
curity control significantly influences the restoration control
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process. However, its results are only reflected in the initial
conditions of the restoration control [1], and the consequenc-
es and impacts of security control are not considered in the
restoration decision-making and implementation processes,
which seriously affects the evaluation and implementation
process of the restoration schemes.

Our research group has established a transmission system
restoration decision support system (TRDSS) [21]. Based on
this, in order to address the aforementioned restoration con-
trol problems of distribution system, a unified risk optimiza-
tion model for quantifying the economy and security of the
restoration scheme is established in this paper, and a two-lay-
er framework for the distribution system restoration decision
support system (DRDSS) is further designed. The upper lay-
er optimizes the pre-adjustment schemes of operation mode
for the energized power grid, dynamically adjusts the parti-
tions, and then performs the spatial-temporal decision-mak-
ing of inter-partition connectivity. The lower layer optimizes
the restoration schemes of the units and loads for each parti-
tion. At the same time, considering the possibility of collab-
orative restoration control of transmission and distribution
systems, the information interaction interface of collabora-
tive restoration with related transmission system is reserved,
and the interaction information is discussed. The major con-
tributions of this paper are summarized as follows.

1) Taking the maximization of the estimated restoration in-
come as the optimization objective, an optimization method
for operation mode of pre-adjustment scheme based on ener-
gized load transfer demand index is proposed. This method
enables us to optimize the allocation of capacities of avail-
able power supplies from a global perspective on the basis
of real-time outage scenario. Moreover, this method expands
the outage scenario for dynamic partitioning from a single re-
al-time outage scenario to a set of pre-adjusted outage sce-
narios.

2) The index of estimated restoration income to evaluate
the partitioning effect is established, and a strategy for divid-
ing the overlapping areas based on the guidance of branch
restoration value is also proposed. Considering the time-vary-
ing characteristics of both restoration income per unit load
and power delivery from transmission system to distribution
system at TDB, the set of pre-adjusted outage scenarios and
partitioning results are optimized to maximize the global res-
toration income.

3) Aiming at the high-dimensional uncertainties in the pro-
cess of optimizing intra-partition restoration schemes, a table
of alternative restoration scheme for dealing with uncertain
events is generated through preferring the restoration targets,
simulating, and deducing the restoration paths based on the
unified optimization model considering security risks, and
the risks and incomes of the schemes are evaluated. The risk
evaluation considers the costs of preventive control, emergen-
cy control, and correction control of the restoration path.

4) Aiming at the high-dimensional uncertainties in the im-
plementation process of restoration scheme, an adaptive man-
agement and control strategy for multi-partition collaborative
restoration is established. This strategy considers the security
control measures in the restoration process, quantitatively
evaluates the impact of uncertain events on power grid secu-
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rity and restoration process, and dynamically adjusts the par-
titions and the intra-partition restoration schemes.

II. OPTIMIZATION MODEL FOR DISTRIBUTION SYSTEM
RESTORATION

A. Relationship Between Restoration Control and Security
Control

In the implementation process of restoration control, the
online defense system performs the security control, includ-
ing the preventive control, emergency control, and correction
control, based on the power grid operation conditions and
uncertain events. Therefore, the adjustment of adaptive resto-
ration scheme according to the restoration process should
consider not only the uncertain events but also the security
control measures taken after uncertain events.

In the decision-making process of restoration control, for
the restoration scheme that is unable to satisfy the security
constraints, the optimal preventive control measures that can
make the constraints satisfied can be searched and used as a
part of restoration scheme. Then, the costs of the optimal
preventive control measures can be added to the restoration
cost. Consequently, the scheme screening based on rigid con-
straint check is transformed into the optimization of restora-
tion scheme considering the preventive control costs. This
expands the decision-making space of restoration schemes.
The restoration scheme involves a series of restoration opera-
tions. In view of the possible security problems during the
operation of the restoration scheme, the probability of the
event causing the security problem, and the optimal emergen-
cy control costs or optimal correction control costs needed
to keep the system safe after the event are calculated to eval-
uate the risk of the restoration scheme, so that the restora-
tion scheme can be evaluated more comprehensively by in-
troducing the security risk.

B. Mathematical Model

1) Objective Function

The optimization objective of the distribution system resto-
ration control is to maximize the expected net income of the
overall restoration scheme, which is mathematically ex-
pressed as:

NK
milX Z([[lj(xk7uk7pk)_Ck(xk’"k7pk)_Rk(xk’”k’pk)) (1)
=1

where k=1,2,...,Ny is the step number in the restoration
scheme, and each step refers to a series of operations execut-
ed for restoring one target such as a certain unit or load; Ny
is the total number of steps in the restoration scheme, which
is related to each restoration scheme; /[, C*, and R* are the
expected load restoration income, expected restoration cost,
and security risk of step &, respectively, and they can be ob-
tained by sampling and simulation of the restoration process
of this step; x* is the vector of system state variables of step
k; u* is the vector of control variables of step k, which in-
cludes the switching statuses of units, lines, and loads, and
the adjustment of unit outputs; and p* is the vector of distur-
bance variables of step &, which reflects the high-dimension-
al uncertainties of outage scenarios, external environment,
and restoration processes.
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For a deterministic restoration process of step %, the load
restoration income I can be computed by (2), and the resto-
ration cost C*, including the electricity cost and preventive
control cost during the restoration process, can be calculated

by (3).

= [ ok et @ @
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«

where ¢f is the time when the target is restored based on
step k; t, is the preset end time of evaluation; Cj. is the cost
of preventive control of step k; and of (¢), AP{ (£), and uf (¢)
are the restoration income per unit load, restored capacity,
and electricity cost per unit restored load at time ¢ based on
step k, respectively. a (f) and AP} (¢) are influenced by the
time duration of power outage [22], external environment
[23], and user types [24]. For example, the cold load pick-
up (CLPU) demand is an increased load in the restoration
process due to the loss of load diversity, whose predict mod-
el can be established by data-driven [25] or model-driven
[26] methods, and the load demand in the restoration pro-
cess can be dynamically updated online. In addition, the res-
toration income per unit load and the load demand will be
affected by load demand response (DR), which should also
be modeled [27] and reflected to the time-varying load pre-
dict model.

The security risk R of step k includes the restoration oper-
ation risk and power grid operation risk, expressed as Rf =
> plel and R= > plek, respectively, where Qf and Qf,
meh nea
are the fault sets of the restoration operation and an ener-
gized power grid, respectively; p* and e’ are the probability
and the optimal security control cost of the m™ restoration
operation fault of step k, respectively; and p* and e’ are the
probability and the optimal security control cost of the n"
fault of the energized power grid of step £. The optimal secu-
rity control cost includes emergency control cost and correc-
tion control cost.
2) Constraints

1) Steady-state constraints

P§ +PE =P =V} > V(G cos 0+ Blsin0f) Vie QX

je.Q‘N N (4)
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where Qf and Qf are the node set and generator set of the
energized power grid at the end of step &, respectively; i and
Jj represent the indices of nodes; Pg, and Qf; are the active
and reactive power that node i receives from the external
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power system through tie-line at the end of step &, respec-
tively; Pg, and Qg are the active and reactive power provid-
ed by the generator at node 7 at the end of step k, respective-
ly; P{, and Qf , are the active and reactive power of the re-
stored load at node i at the end of step k, respectively; V/}
and ij are the voltages at node i and node j, respectively;
Gf; is the difference of voltage phase angles between nodes i
and j; G and B} are the real and imaginary parts of imped-
ance on line (i,/) at the end of step k, respectively; S,.’/‘., §ij,
and EU are the power transmission amount of line (i,j) and
its lower and upper limits at the end of step k, respectively;
¥V, and V', are the lower and upper limits of voltage at node

. . —k —k
i, respectively; Bé.i’ Pg, Ql((u’ and QO G are the lower and

upper limits of active power output and reactive power out-
put of generator at node i at the end of step 4, respectively;
PY .1 is the rotating reserve capacity of energized power grid
at the end of step k—1; AP} is the active power of the incre-
mentally restored loads of step k; y is the spinning reserve
factor of the energized power grid; and Pfs is the total ca-
pacity of the rated power supplied by the available genera-
tors in the energized power grid at the initial time of step k.

For three-phase unbalanced distribution systems, the
steady-state constraints of each phase should be considered
[28]. The constraints of start-up power demand, climbing
rate, and cold and hot start-up time limits for thermal power
units should also be considered [23]. The constraints of the
number of charging and discharging times and the state of
charge of energy storage devices should also be considered.

2) Transient constraints

In order to avoid the transient impact during load pickup,
the constraint of active power of single-step load restoration
is expressed as:

AP, SCPGs (11)
where AP’L‘,S‘ep is the maximum active power of single-step
load restoration at step k; and ( is the ratio coefficient of the
Af)llistcp to PéZ

After the restoration schemes are generated, it is necessary
to verify the transient voltage and frequency security of the
schemes through numerical simulations. In addition, when
multiple power sources are networked, the inertia constraint,
together with the transient voltage and current constraints
when changing the power source control-mode, should also
be considered.

3) Topology constraint

For the energized power grid, to ensure that it is operated
in tree topology, its topology at the end of each step should
be a connected graph and satisfy (12).

zslﬁu - z S]};.ij = z Sf;,g VJ.EQJKJ (12)
ieQy (j)e 24 g€ Qps

where Q}, is the set of branch lines in the energized power
grid; Qf, is the node subset of TDBs and black start DGs
in the energized power grid; s}, ; denotes the energization sta-
tus of line (i,/) at the end of step k, and sy ,=1 when line
(i,)) is energized and s’g,,j.:O when line (i, /) is de-energized;
sx; denotes the energization status of node i at the end of
step k, and s\, =1 when node i is energized and sy, =0
when node i is de-energized; and s¢; . denotes the energiza-
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tion status of unit g at the end of step &, and s’(‘lg=1 when
unit g is energized and s’é,gIO when unit g is de-energized.
In this paper, only one TDB or black-start DG is assumed to
exist in the energized power grid, i.e., (12) can be used for
the systems with multiple substation nodes and black-start
DGs to form multiple isolated subsystems. However, the
spinning reserve constraints and frequency response rate
(FRR) constraints must be adapted accordingly.

III. GENERAL FRAMEWORK OF PROPOSED DRDSS

The general framework of the proposed DRDSS is present-
ed in Fig. 1. The proposed DRDSS exchanges real-time in-
formation with distribution management system (DMS) and
wide-area monitoring analysis protection-control (WARMAP)
system [29], monitors the execution results of restoration
control measures, and adaptively adjusts the restoration
scheme to provide restoration decision-making support to
the operators. The framework of DRDSS comprises two
parts, i.e., the information processing part and the analysis
and decision-making part. The latter part adopts a two-layer
optimization framework, where the upper layer conducts the
global coordination, and the lower layer conducts the parti-
tion optimization. The restoration operations are accom-
plished in an open-loop, closed-loop, or mixed manner. In
the open-loop manner, the system operator confirms the res-
toration scheme and issues the restoration instructions. In the
closed-loop manner, the proposed DRDSS issues the restora-
tion instructions to the actuators directly. In the mixed man-
ner, the restoration instructions are issued to the actuators au-
tomatically and the system operator can adjust the instruc-
tions when necessary. The proposed DRDSS also consists of
on-line operation mode and training simulation mode, and
the configuration for the two modes is presented in [21].

A. Information Interface

The information interface enables the DRDSS to interact
with DMS, WARMAP, and other dispatching automation sys-
tems. This information interface obtains the data required for
the restoration decision-making from the distribution system
such as operation information of the distribution system,
power support information of the adjacent external distribu-
tion systems, and warning information regarding external di-
sasters such as equipment failure probability, etc. In addi-
tion, it also enables the DRDSS to interact with the energy
management system (EMS), WARMAP, and other automa-
tion systems of related transmission systems to obtain infor-
mation from transmission system side. This information in-
cludes the maximum and actual values of the power delivery
from transmission system to distribution systems through
TDBs, the connectivity relationship of TDBs at transmission
system side, and the power demand of transmission system
from distribution systems. Moreover, the information inter-
face can also be used to send the information to the related
transmission system such as the load demand of the distribu-
tion system, the maximum power that distribution system
can provide to the transmission system, etc. In the decision-
making and implementation processes of restoration, all this
information will be dynamically updated from DMS, EMS,
WARMAP, and other related systems.
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Fig. 1. Framework of proposed DRDSS.

B. Global Coordination

The modules of management and system status recogni-
tion in the global coordination layer are used to analyze the
outage scenarios based on the latest information. The adap-
tive management and control module of restoration process
monitors the restoration process of each partition based on
the restoration schemes recommended by the dynamic parti-
tioning module, and adaptively sends the scheme switching
or re-optimizing instructions to the dynamic partitioning
module. The dynamic partitioning module, including pre-ad-
justment scheme optimization of operation mode, partition
adjustment, and decision-making of inter-partition connectivi-
ty, is responsible for coordinating the optimization process
of all the partitions. It sends the partitioning result and alter-
native boundary node pairs (BNPs) for inter-partition connec-
tivity to the partition optimization layer. Afterwards, the dy-
namic partitioning module obtains the table of alternative res-
toration scheme for each partition dynamically uploaded by
the partition optimization layer, performs connectivity deci-
sion-making, and recommends the restoration schemes of all
partitions.

1) Real-time Information Management

The equipment management module analyzes the opera-
tion status, loading condition, restoration progress, measure-
ment and control capabilities, fault probability, and other in-
formation of the equipment in distribution system. For the
equipment with poor measurement and control capabilities,
its parameters can be supplemented and dispatched by opera-
tors. In order to coordinate the restoration resources from the

global perspective, it is necessary to shut down the distribut-
ed automatic power supply restoration equipment or systems
that are based on local information in a timely manner such
as automatic reclosing device, standby automatic switching
device, and feeder automation system.

The power supply management module manages various
intermittent or non-intermittent available power supply sourc-
es in the distribution system, including power support from
the adjacent external transmission and distribution systems,
black-start units in the distribution system, and the energized
power grids that operate independently after an outage. The
energized distribution power grids may have the power sup-
port from the external transmission system, or from the dis-
tribution system itself only. The power supply information in-
cludes operation status, available power capacity, start-up
conditions (start-up power requirement and time consump-
tion), and networking ability (feasible control modes and
their switching capabilities). The available power capacity is
embodied as the power output curve of the available power
supplies, including the power delivery plan curve from the
transmission system to the distribution system at each TDB,
and the curves of the maximum active power capacity incre-
ment of the restored or under-restoration distribution power
supplies, in which the power capacity curves of intermittent
power supplies in the distribution system need to be predicted.

The load management module is used to analyze the load
restoration progress at each load node. It manages the load
demand information of both the distribution system and the
adjacent external transmission and distribution systems. The
load information of distribution system includes the power
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demand curves and the curves of restoration income per unit
load of each phase at each load node, where the load can be
the restored, under-restoration, or to-be-restored load.
2) Status Recognition

The status recognition module of distribution system ana-
lyzes the status of power plants and substations in the distri-
bution system, and identifies both the isolated and non-isolat-
ed outage regions. The isolated outage region refers to the
outage region where there is no recoverable path between
the node that belongs to this region and any energized node
in the distribution system. Please note that the nodes in the
distribution system include T-type nodes and other nodes in-
cluding TDBs, generator terminal nodes, tie-line nodes, and
load nodes. It is possible to change an isolated outage region
to a non-isolated outage region by using mobile emergency
power supply or equipment repair. The power supplying
scope of the energized power grid is determined by consider-
ing the current maximum capacities of all power supplies
connected to the energized power grid, the number of switch
operations on the power delivery path, and other correlative
factors. The maximum capacity is related to the maximum
value of power delivery plan from the transmission system
to the distribution system at TDB, and the rated capacity of
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non-intermittent power supply in the distribution system, etc.
In order to effectively guide the transmission system to send
the power to the distribution system during the collaborative
restoration of transmission and distribution systems, the mod-
ule sends information, including the power demand curve
and the curve of restoration income per unit to-be-restored
load in the distribution system at TDBs, to the relevant trans-
mission system through the information interface.
3) Adaptive Management and Control of Restoration Process
The flowchart of adaptive management and control of res-
toration process is shown in Fig. 2. When a power outage
occurs, this module initiates the first-time optimization of
the restoration schemes. In the restoration process, this mod-
ule adaptively determines whether it is necessary to switch
the current restoration scheme to a sub-optimal scheme or to
re-optimize the schemes according to the actual execution
process of each partition. If the module detects that the parti-
tion is undergoing or is planned to undergo security control,
the restoration operations of the relevant partition are sus-
pended. After the security control is completed, the module
decides whether to resume the implementation of the origi-
nal restoration scheme according to the real-time operation
conditions of the power grid.

Status recognition of distribution system |

Step 1 - Adaptive management and
: Y Is Fhe Aﬁrst.-t}n.le control of restoration process !
. optimization initiated? 1
Initial
il optimization  t----ec-serieosmee
Step 2 . Is v
‘ restoration completed? ; ;
End of restoration
‘ 'Y
Is there security control? -
,,,,,, v __ R B .
L Step 4 3 3
/(Stage 1) Is restoration EN :
b operation executed ; 3
successfully? : }
b Whether to continue ; | | Suspend restoration
Partition 1 e Y T SoheTne? Partition j: -~ Partition 2; | process of related
ol T— b partition and wait
Is alternative restoration
Y scheme preferred?
N
Continue to execute Re-optimization of
restoration scheme restoration scheme

| Dynamic partitioning

End

Fig. 2. Flowchart of adaptive management and control of restoration process.
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The steps of the adaptive management and control module
are as follows.

Step 1: determine whether to initiate the first-time optimi-
zation of the restoration schemes. If the optimization is initi-
ated, send the first-time optimization instruction to the dy-
namic partitioning module; otherwise, proceed to Step 2.

Step 2: identify whether the restoration of the distribution
system is completed. If it is completed, the module sends
the restoration end signal to the dynamic partitioning mod-
ule; otherwise, proceed to Step 3.

Step 3: for the partitions that are undergoing or are
planned to undergo security control, suspend the restoration
operations of related partitions, and send an instruction of
waiting for the end of security control to the dynamic parti-
tioning module. For the partitions where the security control
is completed or there is no security control, proceed to
Step 4.

Step 4: perform the adaptive management and control of
the restoration process of each partition. This step is further
divided into the following stages.

1) Stage 1: determine whether the current restoration oper-
ation is executed successfully. If it is executed successfully,
proceed to Stage 2; otherwise, proceed to Stage 3. If an
equipment is identified as the permanent fault, its status is
recorded as unrecoverable until the fault is eliminated.

2) Stage 2: determine whether to continue the current
scheme or not. If yes, send a continue execution instruction
to the dynamic partitioning module; otherwise, proceed to
Stage 3. Considering the influence of uncertainties in the res-
toration process and external environment, the following con-
ditions should be met at the same time when continuing the
current scheme: () there are subsequent operations in the
current scheme and the related equipment can still be re-
stored; (2 there is no new outage node in the energized pow-
er grid such as unit shut-down and load shedding caused by
an emergency or correction control; ) compared with the
time when the current scheme is generated, the variations in
both the restoration operation risk and energized power grid
operation risk do not exceed the predefined thresholds; @
the maximum difference between the estimated restoration
income of the current restoration target and that of other re-
maining-to-be-restored targets in the partition does not ex-
ceed the predefined threshold; & the difference of the pow-
er delivery plan and the actual power delivered between
transmission and distribution systems at TDB does not ex-
ceed the preset threshold; and (© the maximum adjustment
amount of the power delivery plan curve at TDB between
transmission and distribution systems does not exceed the
preset threshold.

3) Stage 3: identify if there is a feasible sub-optimal alter-
native restoration scheme. If yes, send an instruction of
switching to the alternative scheme and continue the restora-
tion process to the dynamic partitioning module; otherwise,
send a re-optimization instruction to the dynamic partition-
ing module.

When the transmission and distribution systems are re-
stored collaboratively, this module exchanges the informa-
tion with the related transmission system through the infor-
mation interface module. The module not only receives the
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information such as the transmission system partition that
each TDB belongs to and the power delivery plan curves be-
tween transmission and distribution systems, but also trans-
mits the information such as the end of actual restoration op-
eration of distribution system to the EMS of the relevant
transmission system.

4) Dynamic Partitioning

The dynamic partitioning module receives the instructions
issued by the adaptive management and control module of
the restoration process. Based on the information of the out-
age scenario, the restoration process, and the power delivery
plan curve at TDB between transmission and distribution sys-
tems, this module optimizes the pre-adjustment scheme of
operation mode for the energized power grids and the parti-
tions, and makes a decision regarding the inter-partition con-
nectivity.

If the adaptive management and control module of the res-
toration process issues the first-time optimization or re-opti-
mization instructions, the dynamic partitioning module opti-
mizes the pre-adjustment scheme of operation mode and de-
termines the initial partitions (or adjusts the partitions),
makes recommendations on the inter-partition connectivity,
and sends the partitioning result and alternative BNPs for
the inter-partition connectivity to the partition optimization
layer. After the partition optimization layer uploads the table
of alternative restoration scheme of each partition, the opti-
mal restoration scheme of each partition, together with the
inter-partition connectivity schemes, is optimized and recom-
mended. Please note that, before adjusting the partitions, it
is necessary to mark the original partition and status of each
device. The status can be running, under-restoration, sched-
uled-to-be-restored, remaining-to-be-restored, or unrecover-
able. The under-restoration devices can no longer change
their partition attribution, and the devices in scheduled-to-be-
restored status can be restored according to the current
schemes, whereas the devices in remaining-to-be-restored sta-
tus require re-optimization for restoration schemes.

If the adaptive management and control module of the res-
toration process issues the instruction of waiting for the end
of security control, the restoration process of the related par-
tition is suspended.

If the adaptive management and control module of the res-
toration process issues the continue execution instruction,
the dynamic partitioning module continues to recommend
the current or alternative schemes and simultaneously re-
ceives the table of alternative restoration scheme of each par-
tition expanded dynamically by the partition optimization
layer.

If the adaptive management and control module of the res-
toration process sends the distribution system restoration end
signal, the dynamic partitioning module stops the optimiza-
tion and recommendation of restoration schemes and pro-
vides the system operators with relevant information.

1) Optimization of pre-adjustment scheme of operation
mode

The optimization submodule for pre-adjustment scheme of
operation mode pre-adjusts the operation mode of the ener-
gized power grid through load transfer, which provides a
more reasonable decision-making space for the subsequent
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dynamic partitioning and partition optimization, thus improv-
ing the global restoration benefits. Distribution systems usu-
ally operate in a radial structure, so the energized distribu-
tion grid is generally regarded as a tree with TDB or the
power supply that has sufficient frequency/voltage control ca-
pability and the maximum power generation capacity as its
root with loads or switches as its leaves [30]. In this paper,
it is defined as a power-supplied tree. A sample of energized
power grid pre-adjustment in a power outage scenario of a
distribution system is shown in Fig. 3, where Py, and
Pipg, are the power delivery from TDB, and TDB,, respec-
tively. The power-supplied tree with TDB, as its root has a
heavy-loaded path TDB,-1, which makes it impossible to
supply power to the remaining-to-be-restored loads connect-
ed to either the power-supplied subtree with node 1 as its
root or the power outage nodes such as 6 and 30. By closing
path 9-25 and opening path 3-8, or closing paths 33-5, 5-6,
6-7 and opening path 3-8, the power-supplied subtree with
node 8 as its root can be transferred to either the energized
power grid supplied by TDB, with sufficient power or the sub-
tree of the energized power grid itself that is light-loaded. This
is conducive to improving the overall restoration income of all
the available power supplies in the distribution system.

P Prpg) TDB, l

iTDBZ 24
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3 35
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+Energized node (TDB,); * Energized node (TDB,); * Ouiage node
— Energized branch (TDB,); — Energized branch (TDB,); — Outage branch
(®)
Fig. 3. A sample of energized power grid pre-adjustment in a power out-

age scenario of a distribution system. (a) Power delivery plan from transmis-
sion system. (b) Schematic diagram of energized power grid pre-adjustment.

In this paper, the pre-adjustment of operation mode is
achieved by optimizing the energized load transfer scheme.
Thus, the set of scenarios including the initial scenario and
the scenarios derived from the pre-adjustment scheme of op-
eration mode is obtained. According to whether there is a
load outage in the process of energized load transfer, the en-
ergized load transfer can be divided into two categories, i.e.,
hot-transfer and cold-transfer. The hot-transfer means that
the energized power grids are first connected at a switch,
and then opened at an appropriate switch to transfer the
loads without causing power outage. The connection be-
tween two energized distribution power grids supplied by dif-
ferent TDBs that belong to the same transmission system
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partition is a closed-loop operation. Besides, the cold-trans-
fer means that the loads to be transferred are first disconnect-
ed from the energized power grid, and then connected to an-
other energized power grid through a feasible path. The load
outage loss is computed using (2). It is notable that the hot-
transfer should be given priority if the following conditions
are met at the same time: (D the phase sequence of both
ends of the switch to be closed is consistent; and @) the
maximum voltage difference and phase angle difference of
both ends of the switch to be closed do not exceed the pre-
set thresholds [31]. If DG exists in the subtree to be trans-
ferred, the networking conditions of multiple power supplies
should be met during and after the transfer [32], including a
feasible coordinated voltage/frequency control mode among
power supplies, feasible protection configurations, and opera-
tion modes with security verified.

The flowchart for the optimization of energized load trans-
fer scheme is presented in Fig. 4. Its major steps are present-
ed as below.

Step 1: determine the power supplying scope of each ener-
gized power grid, evaluate the energized load transfer de-
mand index J of each energized power grid according to
(13), and add the energized power grids whose J are greater
than the preset threshold value &,(g;>0) to Q. ={TA4/[i=
1,2,...,Ng, ), where ©;, is the set of energized power grids
which are waiting for load transfer decision-making.

Ny
J= [ a @t o-aroya ()
j=1"4

where N, is the total number of load nodes to be restored
within the power supplying scope of the energized power
grid, including both the outage load nodes and the energized
load nodes with remaining-to-be-restored loads; j is the seri-
al number of the load node to be restored within the power
supplying scope of the energized power grid; /; is the esti-
mated restored time of load node j, which is evaluated based
on the shortest path; 77, is the evaluation period; a, ;(f) and
AP‘L‘Z?’d (t) are the restoration income curve per unit load and
capacity curve of the load to be restored at load node j, re-
spectively; and APy (7) is the increment power that load
node j currently obtains from the energized power grid. To
determine the increment power allocation on the load nodes,
all the load nodes in the power supplying scope of the ener-
gized power grid are sorted in descending order based on
the restoration income per unit load of the loads to be re-
stored, and then the current available power of the energized
power grid is allocated to the load nodes by order on the
premise of meeting the security constraints which can be sat-
isfied by restoring double circuit lines and reactive power
compensation devices. Please note that AP} (t)SAPEffd ®
and J>0. The large J of the energized power grid indicates
that it is unable to meet the load restoration demand within
its own power supplying scope in the current operation
mode of the distribution system. Thus, there is a need for op-
eration mode adjustment and optimization of the energized
power grid.

Step 2: if Q,, is an empty set, end this process; otherwise,
proceed to Step 3.
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,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, T s
Determine power supplying scope and J of each energized

Step 1 power grid and generate energized power grid set

Qra={TAi=1, 2, ..., Ny, } waiting for load transfer decision-making

Find energized power grid 74, with the maximum J from Q,
and generate openable branch set Q.={C|/=1, 2, ..., N-}of T4,

Step 3

Simulate disconnection of branch / in Q, determine subtree to
be transferred, and generate its candidate power delivery path set
Qpy ~{PH lk=1,2, ..., Npy ,} satisfying security constraints

Step 4

Deduce scenarios after subtree transfer based on each candidate
power delivery path and determine hot-transfer and cold-transfer
schemes and calculate transfer cost C,

tra

Step 5 I

For each post-transfer scenario, update power supplying scope
and J of each energized power grid

!

Select path that makes the sum of C,, and J;;; minimum and
smaller than preset threshold as transfer scheme of

to-be-transferred subtree

Select transfer scheme that makes J,=/J"** —J;';; ~C,,, maximum and

larger than preset threshold as optimal transfer scheme of 74;

Step 7

Add this scheme to energized load transfer scheme and
deduce post-transfer scenario accordingly

Fig. 4. Flowchart for optimization of energized load transfer scheme.

Step 3: find the energized power grid 74,(1 <i<N;, ) with
the maximum J from set Q.,. Denote T4, as a power-sup-
plied tree, and generate the openable branch set Q.={C/|/=
1,2,..,N.} of TA,. If Q. is an empty set, proceed to Step §;
otherwise, assume /=1, and proceed to Step 4.

Step 4: simulate the disconnection of branch / in Q., and
the power-supplied subtree with child node of branch / as its
root is to-be-transferred. Furthermore, for the to-be-trans-
ferred subtree, generate the set of candidate power delivery
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paths Q,, ,={PH, |k=1,2,...,Ny,,} that can provide power
supply to the subtree and satisfy the security constraints, and
the set of energized power grids Q. ,={CAk=1,2,.... Ny}
that can supply power to the subtree. Now, if Q,,, is an
empty set, proceed to Step 6; otherwise, proceed to Step 5.
The candidate power delivery paths only receive power sup-
ports from the nodes of either the same voltage level or the
higher voltage level. The available power capacity of the en-
ergized power grid in ., should be greater than the current
total load of the subtree to be transferred; otherwise, it is
necessary to consider the load shedding of the to-be-trans-
ferred subtree or the energized power grids in Q,.

Step 5: based on each candidate power delivery path, the
scenarios after the to-be-transferred subtree transfer are ob-
tained through simulation and deduction, and the hot-transfer
or cold-transfer schemes are determined accordingly. Please
note that the transfer cost only considers the load outage
loss in the cold-transfer process. For each scenario after the
load transfer, the power supplying scope and J of each ener-
gized power grid are updated. The path that makes the sum
of C,, and J;g; minimum and smaller than the preset thresh-
old is selected as the transfer scheme of the to-be-transferred
subtree, where C,, is the cost of load transfer; and J;;; is the in-
crement of J of the energized power grid, to which the load is
transferred. If this path is not unique, the path whose opposite-
end energized power grid has the smallest J is selected.

Step 6: set [=1+1. If [> N, proceed to Step 7; otherwise,
go back to Step 4.

Step 7:from the transfer schemes of all the subtrees of
TA, the transfer scheme that makes J,=J;¢ —J o — C,,, maxi-
mum and larger than the preset threshold is selected as the
optimal transfer scheme of 74, where J is the descent of
J of the energized power grid in ., after the subtree is
transferred out. If this scheme exists, add it to the transfer
scheme of energized load, then deduce the post-transfer sce-
nario accordingly, and go back to Step I; otherwise, if the
scheme does not exist, proceed to Step 8.

Step 8: remove TA, from £,, and go back to Step 2.

The aforementioned process can be used to obtain a trans-
fer scheme of the energized load. By relaxing the optimiza-
tion conditions of transfer schemes considered in Step 7, the
transfer schemes of several subtrees of 74, can be selected,
deduced, and optimized according to the aforementioned pro-
cess. Thus, there will be several candidate transfer schemes
of energized load, which can generate a set of expected out-
age scenarios £2,, including the real-time outage scenario
Q,(1) and the pre-adjusted scenarios Q,(z) (z=2,3,...,N,)
generated from €,(1) according to each candidate energized

load transfer scheme, where N, is the total number of outage
scenarios in Q.

2) Partition adjustment

This submodule determines or adjusts the partitions based
on scenarios in £, one by one to determine the optimal pre-
adjustment scheme of operation mode and the corresponding
partitioning result. The main steps of this submodule are pre-
sented as follows.

Step I: determine the power supplying scope of each ener-
gized power grid and set the partition of each energized pow-
er grid accordingly. If there is an overlapping area between
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the partitions, i.e., the nodes to be restored in this area are
repeatedly divided into two or more partitions, proceed to
Step 2; otherwise, proceed to Step 3.

Step 2: modify the scope of each partition according to the
following stages to eliminate the overlap between partitions.

(D Stage 1: update the available power curve of each parti-
tion and generate the available power allocation scheme at
each load node of each partition. The available power in
each partition is allocated to each load node according to the
restoration income per unit remaining-to-be-restored load at
each load node, including energized and outage load nodes.

) Stage 2: the estimated restoration income that each
load node generates when receiving power through different
paths is evaluated. First, aiming at load node i which needs
to be restored and obtains power allocation, search the path
set Qy,;={H,; [[=1,2,...,Ny,,} of load node i that receives
the power from partltlon j considering the number of re-
quired intermediate nodes, where Ny ,; is the total number of
paths through which the load node i receives power from

partition j. Then, the restoration value W, , of path H,,, is
evaluated according to (14).
Wijl lj//NHlj (14)

where 7, is the estimated restoration income generated by
restoring "the load at load node i according to path H, ;. This
is evaluated by using (2) based on the power allocated by
partition j at load node i.

(3 Stage 3: Q,, is assumed as the set of outage branches
in all the current overlapping areas. The restoration value of
each outage branch in Qy is calculated, specifically, the res-

toration value Wy, of outage branch m is obtained by (15).
Ny Np Ny,

Wien= 2,2, 2 tisunlsy

i=lj=11=

(15)

where Ny is the total number of load nodes that obtain pow-
er allocation in the current scenario; N, is the total number
of partitions in the current scenario; and u,,,, is the identifi-
cation of whether the /™ path H .,; of node i that receives
power from partition j passes through the outage branch m.

(4) Stage 4: based on the current outage scenario, the out-
age branch with the smallest restoration value in @y, is re-
moved by simulation. If there are multiple outage branches
with small restoration values, the branch removal should
avoid adding new outage nodes that do not belong to any
partition. If it is unable to avoid this, then the branch whose
removal causes the smallest decrease in the sum of the esti-
mated restoration income of each partition should be removed.

(5 Stage 5: update the area of each partition. If there are
still overlapping areas between the partitions, go back to
Stage 1; otherwise, go to Step 3.

Step 3: generate the partitioning result and calculate 7,
which is the sum of the maximum estimated restoration in-
comes of all partitions, according to (2).

Step 1-Step 3 are repeated for each outage scenario in Q,
to obtain the partitioning results and the corresponding esti-
mated restoration income vector I,. For partitioning results
when z=2,3,...,N,, if there is a partitioning result that satis-
fies max{l,(z)—1I,(1)}/I,(1)>¢,, where ¢, denotes the preset
threshold, then the partitioning result with the largest I, (z)—
I, (1) is taken as the optimal one, and is sent to the decision-
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making submodule of inter-partition connectivity along with
its corresponding outage scenario; otherwise, there is no other
suitable way to pre-adjust the current operation mode, and the
partitioning result of real-time outage scenario £, (1) is sent to
the decision-making submodule of inter-partition connectivity.
Taking Fig. 5(a) as an example, there are two radial ener-
gized power grids with TDB, and TDB, as their roots, re-
spectively. The power delivery plan from transmission sys-
tem is the same as shown in Fig. 3(a). The power supplying
scope of each energized power grid is presented by colored
area in Fig. 5(a), corresponding to two partitions. There are
two overlapping areas between the partitions. So, it is neces-
sary to further revise the scope of the partition. The avail-
able power allocation scheme of the partition, where TDB,
is located, includes nodes 34 and 37. Similarly, the available
power allocation scheme of the partition, where TDB, is lo-
cated, includes nodes 6, 34, and 37. The available power de-
livery paths of nodes 6 and 34 are presented by the arrows
in Fig. 5(a). According to the restoration value of each out-
age branch, the partition de-overlapping scheme of removing
outage branches (D to 3 is obtained through the aforemen-
tioned steps, and the outage branch removals are simulated
sequentially. The partitioning result is shown in Fig. 5(b).

Current power
supplying range
of TDB,

Current powcr
supplymg rangc
of T

+ Energized node (TDB,); « Energized node (TDB,); « Outage node
— Energized branch (TDB,); — Energized branch (TDB,)
—> Available power allocation path (TDB,); — Outage branch
— Available power allocation path (TDB,); >¢ Branch need to remove

: 23
‘Partition result
of TDB,

« Energized node (TDB,); < Energized node (TDB,); « Outage node
— Energized branch (TDB,); — Energized branch (TDB,)
-- Simulation of removing; — Outage branch

(®)

Fig. 5. Schematic diagram of partitioning optimization. (a) Process of parti-
tion de-overlapping. (b) Partitioning result.
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After obtaining the deterministic partitioning result, the de-
cision-making of inter-partition connectivity and partition op-
timization are performed successively. The global expected
net income of the restoration schemes of all the partitions is
also calculated. It is notable that if some other partitioning
strategies are adopted, the partitioning result may be
changed. However, for each type of partitioning result, its
global expected net income can still be calculated according
to the same decision-making process, and the optimal parti-
tioning result will be determined.

3) Decision-making of inter-partition connectivity

Based on the partitioning result, the decision-making sub-
module of inter-partition connectivity recommends alterna-
tive BNPs for inter-partition connectivity and modifies them
dynamically in the restoration process. After obtaining the ta-
ble of alternative restoration scheme of each partition upload-
ed by the partition optimization layer, which will be intro-
duced in Section III-C, the submodule checks the partition
connecting conditions including the conditions of inter-parti-
tion synchronization, and the security and stability condi-
tions of connected partitions. Afterwards, it optimizes the in-
ter-partition connectivity schemes according to the method
in [21], which includes the schemes of the two partitions de-
livering power to restore their boundary nodes and the
scheme of the two boundary nodes being connected with a
branch.

C. Optimization of Restoration Scheme for Each Partition

The partition optimization layer optimizes the table of the
alternative restoration scheme for each partition in parallel,
and sends the result to the decision-making submodule of in-
ter-partition connectivity. Following the idea presented in
[21] regarding the unified sorting of unit nodes and load
nodes, the generation of scheme tree based on the scheme
deduction, and scheme sorting index of the expected net in-
come per unit of power consumption, we perform screening
and unified sorting on the restoration targets, optimize the
restoration path of each restoration target, and generate the
table of alternative restoration scheme of the partition with a
certain search breadth. During the restoration scheme optimi-
zation, the number of different restoration targets starting
from the same actual outage scenario or simulated outage
scenario is limited by search breadth. A new simulated out-
age scenario is generated by the deduction of any one-step
restoration scheme in the table of alternative restoration
scheme. By repeating the aforementioned breadth optimiza-
tion process, the table of alternative restoration scheme of
the partition with a certain search depth is obtained.

The restoration targets refer to the remaining-to-be-re-
stored units and substation nodes. During the restoration tar-
get screening, in addition to the factors of spinning reserve
capacity constraints, transient frequency and voltage con-
straints, hot-start and cold-start requirements of units, etc., it
is also necessary to consider the factors such as the network-
ing conditions of power supplies and the grid connecting
conditions of intermittent power supplies. During the restora-
tion target sorting, the restoration income /; of remaining-to-
be-restored unit that has start-up power demand is evaluated
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by (16). The restoration income /; of remaining-to-be-re-
stored substation node is evaluated by (17).

Is= g o e (Bardp—Cap) (16)

[B = (1 - eimin e )(ﬁBLlBL - CBL )+ eiminmw o "ﬁGN IGN (17)

where 7 and 7, are the satisfaction rates of the power sys-
tem restoration demand and partition restoration demand, re-
spectively, which are the ratios of the sum of capacities of
spinning reserve and the under-restoration units to the capaci-
ty of remaining-to-be-restored loads; S, (0<fgp<1) is the
conversion coefficient of the indirect restoration income of a
unit, which indicates the delay effect of time consumption of
the restoration process after the unit is connected to the pow-
er grid on the restoration income; /g, is the estimated load
restoration income generated after the unit is connected to
the power grid, which is calculated using (2), where the esti-
mated load restoration income of non-intermittent power sup-
ply is calculated according to the rated power of the unit,
whereas the estimated load restoration income of intermittent
power supply is calculated according to the lower limit of
the unit’s predicted output curve; Cg, is the cost of restor-
ing a unit; B (0<fp <1) is the conversion coefficient of
the node restoration income; /g; is the estimated load restora-
tion income of a substation node, i.e., the maximum load res-
toration income calculated by (2), supposing all the available
power of the partition is used to restore the loads at the sub-
station node and the loads within its partition; Cy; is the res-
toration cost of the loads at the substation node; fgy (0<
Ban<1) is the conversion coefficient of the indirect restora-
tion income of a unit without start-up power demand at the
substation node; and /gy is the estimated load restoration in-
come that can be obtained after the unit is restored and con-
nected to the energized power grid. For a remaining-to-be-re-
stored node that is connected with unit, if the unit is allocat-
ed to the partition that cannot satisfy the networking condi-
tions of the unit, then the unit cannot be restored and there-
fore its estimated restoration income is assigned to zero; oth-
erwise, the unit can be restored and its estimated restoration
income is the estimated load restoration income that can be
generated after the unit obtains the start-up power and con-
nects to the energized power grid.

A variety of security events can occur in the restoration
process of distribution system with high-dimensional uncer-
tainties. The feasibility, security, and economy of the restora-
tion scheme will be affected if the pre-adjustment ability of
operation mode before restoration operation or the demand
of security control after restoration operation is neglected. In
this paper, the effects of preventive control, emergency con-
trol, and correction control are considered during the optimi-
zation of the restoration path, and the decision-making space
of restoration schemes is expanded by operation mode pre-
adjustment of the energized power grid in advance. In addi-
tion, the costs of emergency control and correction control
possibly introduced by the operation of each restoration
scheme are considered in the evaluation of the security risks
and net incomes of the restoration schemes. When optimiz-
ing the restoration scheme of step &, for a certain restoration
path of the restoration target, the security verification and
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evaluation according to the following steps are performed.

Step I: based on the real-time scenario, the security verifi-
cation for the restoration operation is performed. If a restora-
tion operation fails to pass the security verification, its opti-
mal preventive control measures and costs [33] are opti-
mized to enable the restoration operation to pass the verifica-
tion. Then, the scenarios after the preventive control are fur-
ther deduced and updated.

Step 2: based on the latest scenario, the result of the resto-
ration operation is sampled. If the operation fails, then gener-
ate the emergency or correction control measures and costs
[34], deduce and update the scenario, and adaptively switch
to an alternative path to simulate the subsequent restoration
control of the restoration target. On the contrary, if the opera-
tion is successful, the subsequent scenario is directly de-
duced and updated.

Step 3: Step 1 and Step 2 are repeated until the simulation
of the restoration process of the path is completed. After-
wards, the overall restoration income I/, restoration cost C},
and security control cost EF of the deterministic process i
are evaluated. I/ includes the unit restoration income and
load restoration income which are evaluated using (16) and
(2), respectively; CF is evaluated using (3); and Ef is the to-
tal cost of emergency and correction control in this process.

Step 4: Step 1-Step 3 are repeated to generate several de-
terministic restoration processes. Then, the expected restora-
tion income I*, expected restoration cost C*, and path securi-
ty risk R in Section II-B are evaluated by using (18)-(20),
respectively, and the restoration path is optimized according
to the expected net income 7*-C*-R".

k w ]k
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where N, is the total number of the simulated deterministic
restoration processes.

IV. SIMULATION RESULTS AND ANALYSIS

In order to verify the effectiveness of the proposed frame-
work and method in this paper, a prototype DRDSS using
C++ is developed. The simulation test system is built with
its topological connection referring to that of IEEE 123-node
system [35]. There are 123 nodes in this test system, among
which the nodes 1-3 serve as TDBs, the nodes 35, 39, 43,
65, 90, 105, and 111 serve as T-type nodes, and other nodes
are connected with loads or DGs. It has been assumed that T-
type nodes cannot be isolated alone because there is no
switch on both sides of it, while all the other nodes can be
isolated alone by the switches beside it. There are four units
in the system, i.e., G1, G2, G3, and G4, connected to nodes
4, 52, 79, and 110, respectively. The system topology, load
data of each node before power outage, technical parameters
of the units in distribution system, and simulation parame-
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ters are presented in Appendix A. All simulations are per-
formed on a personal computer with Intel Core i5-3470 CPU
@3.20 GHz and 8 GB RAM. The computation time is de-
pendent on the setting of calculation conditions and the out-
age scenarios.

It is assumed that the power system starts the restoration
process at 00: 00 after a large-scale power outage. At this
time, the available power supply sources of the distribution
system are: () the power delivery from the transmission sys-
tem at node 1, and its power delivery plan curve P, is pre-
sented in Fig. 6(a); @ black-start unit G3 of the distribution
system, which restarts successfully and provides 15 MW;
and 3 black-start unit G4 of the distribution system, which
restarts successfully and provides 10 MW.

P (MW) P (MW)
40r---
30f----- ‘
; 20
0 H i 0 H H
00:00 00:08 00:20 00:17 00:25 01:00 ?
a (b)
P (MW) P (MW)
‘ 240F--------- :
0 : ; [
01:00 01:10 01:20 7 01:20  01:40 02:00 7
(© (d)
P (MW)
0 H H H
02:00 02:20 02:40 03:00 !
(e)
—P;;—Py; Py
Fig. 6. Power delivery plan curves of transmission system. (a) Update at

00:00. (b) Update at 00:17. (c) Update at 01:00. (d) Update at 01:20. (e) Up-
date at 02:00.

A. Adaptive Optimization and Execution of Distribution Sys-
tem Restoration Scheme

Based on the initial power outage scenario at 00:00, the
adaptive management and control module of the restoration
process in the proposed DRDSS initiates the first-time opti-
mization of the restoration schemes and sends the first-time
optimization instruction to the dynamic partitioning module
in the upper layer. The restoration schemes are optimized as
follows.

1) In the upper layer, the optimization submodule of pre-
adjustment scheme of operation mode is unable to find a fea-
sible transfer scheme for the energized loads. Further, based
on the real-time power outage scenario, the partition adjust-
ment submodule determines partitions 1-3 with node 1, G3,
and G4 as the roots of the energized power grids, respective-
ly. Finally, the decision-making submodule of inter-partition



1268

connectivity recommends no BNPs for inter-partition connec-
tivity and sends the partitioning result to the lower-partition
optimization layer.

2) In the lower layer, the table of alternative restoration
scheme of each partition is optimized in parallel by the opti-
mization module of restoration scheme of each partition.
Then, these tables are sent to the decision-making submod-
ule of inter-partition connectivity in the upper layer.

3) In the upper layer, the decision-making submodule of
inter-partition connectivity optimizes the inter-partition con-
nectivity schemes after obtaining the alternative restoration
plan tables of the three partitions. Since there is no sugges-
tion on inter-partition connectivity, the scheme with the larg-
est expected net income per unit of power consumption in
the table of alternative restoration scheme table of each parti-
tion is chosen as the optimal one of each partition.

The optimal restoration schemes of the first few steps of
each partition are presented in Table I, and the restoration
operations of each partition are executed separately and par-
allelly. The adaptive management and control module of the
restoration process of the proposed DRDSS continues to
monitor the outage scenario of the distribution system and
the restoration process of these three partitions. The lower
partition-optimization layer continues to dynamically expand
the subsequent restoration schemes of each partition.

TABLE I
OPTIMAL RESTORATION SCHEMES OF THREE PARTITIONS (OPTIMIZATION
RESULTS AT 00:00)

. Restoration
Estimated Partition Restoration Restoration target
No. completed No path power (MW) Load
time ’ Unit L0
node
1 00:06 2 G3-79-87 5 87
2 00:07 3 G4-110-101 101
. 1-7-16-27-36-
3 00:08 I Jyedin 2 @
00:12 2 87-97-107 107
00:12 3 110-120 120
6 00:14 o 0 5 41

7 00:17 1 33-32-20 5 20

The power outage scenario before re-optimization at 00:17
is presented in Fig. 7, where S, is the restoration scheme of
step i. At this time, the restoration schemes of partitions 2
and 3 have been executed, forming two stable energized
power grids. In the restoration process, partition 1 encoun-
ters a permanent line fault in the process of restoring line 33-
42. An alternative restoration path, i.e., 35-44-43-42-41, is
chosen to continue the restoration of target node 41. Howev-
er, the completion time of its load restoration is delayed
from 00:14 to 00:17. The estimated completion time of the
subsequent schemes within this partition is also delayed ac-
cordingly, whereas the restoration processes of partitions 2
and 3 are not affected.
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Fig. 7. Power outage scenario before re-optimization at 00:17.

At 00:17, the power delivery plan curves from the transmis-
sion system to the distribution system at TDBs are updated on
the transmission system side, as shown in Fig. 6(b). The upper
limit of power delivery plan at node 1 is reduced from the orig-
inal 30 MW to 20 MW, and a new power delivery plan curve
P, with the upper limit of 40 MW is added at node 2. The
adaptive management and control module of the restoration
process in the proposed DRDSS fails to find a feasible alterna-
tive scheme for this. Therefore, it suspends the operations of
the subsequent restoration schemes of partition 1 and triggers
the re-optimization of restoration schemes of all partitions.

The multi-partition restoration schemes after re-optimiza-
tion are presented in Fig. 8. When the partition adjustment
submodule determines the partition of each energized power
grid, there are overlapping areas among the partitions of en-
ergized power grids with node 1, node 2, and G3 as their
roots. Therefore, based on the branch restoration value, the
nodes such as 10, 40, 51, 55, 63, and 86 in the overlapping
area are assigned to partition 4 formed by node 2. The next
restoration targets of partitions 1 and 4 are nodes 20 and 86,
respectively. Partitions 2 and 3 have no other restoration tar-
gets as they are constrained by the spinning reserve capacity.
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Fig. 8. Multi-partition restoration schemes after re-optimization at 00:17.
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At 00:49, partitions 2 and 4 satisfy the inter-partition con-
nectivity conditions and perform the connectivity operation.
The partitioning result obtained after re-optimization at 00:
49 is presented in Fig. 9. Due to the constraint of spinning
reserve capacity, there is no subsequent restoration scheme
for each partition.
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Fig. 9. Partitioning result after re-optimization at 00:49.

At 01:00, the power delivery plan curves from the trans-
mission system to the distribution system at TDBs are updat-
ed, as shown in Fig. 6(c). A power delivery plan curve P,
with the upper limit of 50 MW is newly added at node 3,
whereas the power delivery plan curves at nodes 1 and 2 re-
main unchanged. The adaptive management and control mod-
ule of the restoration process in the proposed DRDSS trig-
gers the re-optimization of restoration schemes of all the par-
titions and obtains the restoration scheme of each partition,
as shown in Fig. 10.
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Fig. 10. Multi-partition restoration scheme after re-optimization at 01:00.

Based on the current outage scenario, the optimization
submodule of pre-adjustment scheme of operation mode gen-
erates several alternative energized load transfer schemes,
and deduces the corresponding hypothetical scenarios after
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the load transfer. The partition adjustment submodule selects
closing path 3-83-77-67 and opening path 52-58 as the opti-
mal energized load transfer scheme, which transfers the pow-
er-supplied subtree originally in partition 1 to node 3, and re-
adjusts the partitions. Based on this, partition 1 frees up the
power of about 20 MW to restore important targets such as
the load at node 28. The next restoration target of partition 5
is node 93. Please note that partitions 3 and 4 have no subse-
quent restoration scheme due to the constraint of spinning re-
serve capacity.

The proposed DRDSS continuously coordinates the imple-
mentation process and optimization process of the restora-
tion schemes according to the updated power delivery plan
curves generated at transmission system side shown in Fig.
6(d) and (e) until the restoration of distribution system is
completed. The completion of the whole process takes 2
hours and 49 min. The information of the complete restora-
tion process and the topology of the restored system are pre-
sented in Appendix B. The decision-making and execution
process of the aforementioned restoration schemes shows
that the proposed DRDSS can adapt to the space-time distri-
bution characteristics of power delivery plan between trans-
mission and distribution systems, load capacity, and restora-
tion income per unit load. In addition, the proposed DRDSS
can generate a set of hypothetical scenarios through optimiz-
ing the pre-adjustment scheme of operation mode based on
real-time outage scenario. It can also dynamically coordinate
the restoration decision-making space of multiple types of
power supplies such as the power delivery from transmission
system at TDBs and the black-start units in the distribution
system, through increasing the number of partitions, adjust-
ing the partitions, and connecting partitions to enhance the
concurrent restoration income of each partition.

B. Comparison with Method 1 Without Pre-adjustment of
Operation Mode

The proposed method for pre-adjustment optimization of
operation mode in the dynamic partitioning module of the
upper layer of DRDSS is compared with the comparison
method 1. The comparison method 1 is set based on the deci-
sion-making framework presented in this paper, whereas the
restoration scheme optimization is performed only based on
the real-time outage scenario [21], without pre-adjustment of
operation mode.

The net income curves of the restoration schemes ob-
tained by the proposed DRDSS and the comparison method
1 are presented in Fig. 11. It is notable that by 02:49, the ac-
tual net income of the proposed pre-adjustment optimization
method of operation mode increases by 8.3% compared with
the comparison method 1.

The node 1 and node 2 obtain the power supply from the
transmission system early at 00:00 and 00: 17, respectively.
At 00:49, two large power-supplied trees are formed in parti-
tions 1 and 4, as presented in Fig. 9, in which some impor-
tant loads located in the vicinity of node 3 have been re-
stored. As there is no more available power, it is impossible
to further restore the remaining-to-be-restored loads in each
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partition. At 01:00, the node 3 receives a large power sup-
port from the transmission system. However, the remaining-
to-be-restored loads in its recoverable outage area are small
and not very important, and it is unable to connect with the
power-supplied tree in partition 1 or 4 due to the open-loop
operation constraint. Therefore, the restoration income that
can be generated by the available power is severely limited.
If the comparison method 1 without pre-adjustment of opera-
tion mode is adopted, the power delivery from transmission
system at node 3 can only be used to restore the loads in a
very small partition area of node 3. At the same time, more
important remaining-to-be-restored loads in partition 1 or 4
cannot be restored in time. This reduces the overall load res-
toration income of the distribution system. On the contrary,
if the proposed pre-adjustment scheme optimization method
of operation mode is adopted, it transfers the power-supplied
subtree with node 58 as its root, which originally belongs to
partition 1, to node 3 by closing path 3-83-77-67 and open-
ing branch 52-58. Consequently, partition 1 frees up 20 MW
available power to restore the important loads carried by
nodes 28 and 26, while node 3 still has available power to
restore the remaining-to-be-restored loads in its partition.

or — Proposed DRDSS

---- Comparison method 1

Net income (¥10°)
w IS

[\
T

01:12 02:24 03:36

Restoration time

0
00:00

Fig. 11.  Net incomes of proposed DRDSS and comparison method 1.

The time that the transmission system delivers power to
different TDBs is usually quite different. This makes the
scale and restoration ability of each energized power grid dif-
ferent during the restoration process of the distribution sys-
tem. This is not conducive to the improvement of the overall
restoration income. The aforementioned examples show that
by using the flexibility of network topology adjustment of
the closed-loop designed distribution system, the pre-adjust-
ment of operation mode by using energized load transfer can
coordinate the restoration decision-making space of each par-
tition, reduce the outage duration of important targets, and
improve the global restoration income.

C. Comparison with Method 2 Without Dynamic Partitioning

The dynamic partitioning method in the upper layer of the
proposed DRDSS is compared with the comparison method
2. The comparison method 2 is set based on the decision-
making framework presented in this paper. However, the par-
titions are determined by the power-supplied tree of each
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TDB during normal operation [14], without pre-adjustment
and partition adjustment of operation mode.

The net income curves of restoration schemes obtained by
the proposed DRDSS and the comparison method 2 are pre-
sented in Fig. 12. It is notable that by 02:49, the actual net
income of the proposed dynamic partitioning method present-
ed in this paper increases by 8.3% compared with the com-
parison method 2.

S5pr— Proposed DRDSS
---- Comparison method 2
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3
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00:00 01:12 02:24 03:36

Restoration time

Fig. 12. Net incomes of restoration schemes obtained by proposed DRDSS
and comparison method 2.

Based on the power-supplied tree of each TDB during the
normal operation as presented in Fig. Al of Appendix A, the
partitions are determined according to comparison method 2,
which makes it impossible to restore important loads at node
41 until node 2 gets power supply from the transmission sys-
tem at 00:17. Similarly, it is not possible to restore the im-
portant loads at nodes 67 and 81 until node 3 receives pow-
er supply from the transmission system at 01:00. However,
when the proposed dynamic partitioning method is adopted,
after node 1 receives power supply from the transmission
system, nodes 41, 67, and 81 are included in the partition of
node 1, so important loads at these nodes can be restored in
advance, thus reducing the power outage losses. Similarly,
when nodes 2 and 3 get power supplies from the transmis-
sion system successively, the scope of each partition will be
dynamically adjusted, and the power supply utilization will
be coordinated through the pre-adjustment scheme optimiza-
tion of operation mode.

The aforementioned results show that as compared with
the comparison method 2, the proposed dynamic partitioning
method dynamically adjusts the number of partitions and the
scope of each partition according to the actual available pow-
er of each energized power grid and the restoration require-
ment of each node, thus ensuring the timely restoration of
important targets and improving the overall restoration in-
come.

D. Comparison with Method 3 Without Security Risk

The proposed security risk based restoration scheme opti-
mization for each partition in the lower layer of the pro-
posed DRDSS is compared with the comparison method 3.
The comparison method 3 is set based on the decision-mak-
ing framework presented in this paper, but without security
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risk of restoration path in the intra-partition restoration
scheme optimization [8].

The net income curves of restoration schemes obtained by
the proposed DRDSS and the comparison method 3 are pre-
sented in Fig. 13, which is calculated based on the numeri-
cal simulation process of restoration execution. All uncertain
events with security risks will be determined with the imple-
mentation of execution simulation process, and the security
risk in the calculation of net income decision-making model
of the restoration control will be reflected as the determined
cost. It is notable that by 02:49, the actual net income of the
proposed security risk based restoration scheme optimization
method increases by 4.7% compared with the comparison
method 3.
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Fig. 13. Net incomes of restoration schemes obtained by proposed DRDSS
and comparison method 3.

Although there are important remaining-to-be-restored
loads at nodes 14, 15, 25, and 26, the high fault probabilities
of the branches 15-26, 26-27, and 25-35 in the early stage of
restoration make the restoration schemes of delivering power
to those nodes have high security risks and low net restora-
tion incomes. Therefore, in this paper, the restoration of
nodes 14, 15, 25, and 26 is not given priority. Instead, the
targets such as nodes 20 and 41 are chosen for restoration.
Until the power delivery security risks of nodes 14 and 15
are reduced in the later stage of the process, the restoration
schemes of these targets are suggested. When the compari-
son method 3 is adopted, the nodes 14, 15, 25, and 26 in
partition 1 are restored first. However, in the actual restora-
tion process of the power delivery path, several branches fail
to close one after another, resulting in the repeated power
outages of multiple lines. In this paper, it is set that each of
the failed branches needs to close several times and finally
succeed, resulting in about 10-min delay for each branch.
This significantly delays the restoration time of the subse-
quent nodes, thus reducing the overall restoration income of
the distribution system.

The aforementioned results show that, in terms of the eval-
uation of restoration path, actively taking the influence of
the uncertainty of restoration process into account through
security risk assessment enables us to effectively avoid the
uncertain security problems caused by the restoration opera-
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tions, thus improving the actual restoration income.

V. CONCLUSION

Based on the previous research regarding the transmission
system restoration control of our research group, this paper
establishes the risk optimization model for restoration con-
trol of distribution system and proposes a two-layer decision-
making framework for adaptive restoration control of distri-
bution system. The upper layer of the proposed framework
firstly optimizes the pre-adjustment schemes of operation
mode timely to generate a set of hypothetical scenarios,
which can produce greater expected restoration income for
the subsequent partitioning optimization in the restoration
process. Then, the restoration partition of each energized
power grid is adjusted with the guidance of the branch resto-
ration value, and the space-time decision-making of inter-par-
tition connectivity is made, thus the restoration decision-mak-
ing space of each energized power grid can be planned from
a global perspective. The lower layer of the proposed system
optimizes the restoration schemes of units and loads in each
partition concurrently, where the costs of security control
and security risk are considered during the evaluation of the
restoration scheme, instead of only considering the income
of the restoration scheme. Consequently, the restoration
scheme can be evaluated more comprehensively. In the actu-
al restoration process, the restoration schemes are adaptively
adjusted against any uncertain event and its security control
measures. The decision support system also provides the in-
formation interaction interface necessary for collaborative
restoration with the related transmission system. The simula-
tion results show the effectiveness and adaptability of the
proposed framework against various uncertainties such as
power failure scenario uncertainties.

APPENDIX A

The topology of the 123-node test system, load data of
each node before power outage, technical parameters of
units in the system, and simulation parameters are presented
in this section.

The topology of the 123-node test system and its opera-
tion mode before power outage are presented in Fig. Al.
Without loss of generality, the load at each node is set to
be 5 MW, and the total active power of load before outage
is set to be 565 MW. All the loads are controllable. The res-
toration income per unit load ranges between [0, 1.0], and
the unit is 10000 ¥ /MWh. It is assumed that all the equip-
ment can be restored after the power outage. The restoration
time required for each branch is 1 min. Before 01:00, the
probability of various faults for lines 14-15, 25-35, and 26-
27 is 0.75. The probability of various faults for other equip-
ment is 0.002. After 01:00, the probability of various faults
for all the equipment is 0.0001. Bgp, fon. and By, are all set
to be 0.95. Let y=0.1 and {=0.1. The preset end time of
evaluation is 10:00. The upper and lower limits of node volt-
age are 1.1 p.u. and 0.9 p.u., respectively.
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