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Distribution Network Reconfiguration Considering
the Impacts of Local Renewable Generation and
External Power Grid

Haixiao Li"¥, Aleksandra Lekic

, Senior Member, IEEE, Shan Li

, Dongrong Jiang *“, Qiang Guo ",

and Lin Zhou

Abstract—The distribution network (DN) reconfiguration is a
well-known optimal power flow (OPF) problem. However, with the
transition of DN from “passive” to ‘““active’’, new technical chal-
lenges arise in DN reconfiguration. This article addresses two key
issues in this regard. Firstly, the integration of local renewable gen-
eration (LRG) introduces uncertainty into the system-wide power
flow of the DN. Secondly, the coupling between DN and the external
power grid (EPG) affects the determination of DN root voltage.
Consequently, a novel DN reconfiguration approach is proposed in
this article. To begin with, an explicit mixed-integer convex OPF
model is constructed that incorporates both the EPG and DN sides.
Notably, the OPF model embeds the function of local droop control
that is provided by LRG. Subsequently, the original OPF model is
decomposed, and the distributed optimization methods based on
the augmented Lagrangian relaxation are employed. The article
comprehensively discusses parallel processing and asynchronous
implementation as parts of the distributed optimization procedure.
Furthermore, to address the uncertainty related to LRG integra-
tion, the extreme scenario method is used to provide a robust
decision regarding DN reconfiguration. The application of the
extreme scenario method in the distributed OPF model concerning
DN reconfiguration is successively developed. Finally, numerical
results are presented to demonstrate the acceptable performance
of the distributed optimization methods, in terms of optimality
and convergence. Also, these are validated that the proposed DN
reconfiguration approach exhibits robustness to LRG integration,
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the system-wide voltage profile is improved, and the active power
loss is effectively reduced using the proposed DN reconfiguration

approach.

Index Terms—Augmented Lagrangian relaxation, distribution
network reconfiguration, external power grid (EPG), extreme
scenario method, local renewable energy (LRG).

Abbreviation
ATC
ADMM

APP
DN
EPG
LRG
LDC
OLTC
SOC

Indices and Sets
i, J

iy, hi

Nepg, Non

Fi, D;

EEPG, EDN

S, &€

g, H

NOMENCLATURE

Analytical target cascading.

Alternating direction method of multipli-
ers.

Auxiliary problem principle.

Distribution network.

External power grid.

Local renewable generation.

Local droop control.

On-load tap changer.

Second-order conic.

Indices for nodes.

Indices for branches.

Sets of nodes on EPG and DN sides.

Sets of father node and descendant node for

node 1.

Set of branches on EPG and DN sides.
Sets that cover all the uncertain and Ex-

treme scenarios related to LRG integration.

The general form of equality and quality

constraints.

Parameters and Functions

Gij» bij

Tijs Tij
rated rated
5:,G » 5i,LRG

min
Uy

max

’u/L

min max
U; pB> Ui, DB

Conductivity and susceptance for a branch
7.

Resistance and inductance for a branch 7.
Rated capacities for the generating system
and LRG at node 1.

Minimum and maximum values for the
voltage security bound at node i.
Minimum and maximum values for the
dead-zone bound of LDC at node .
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PYTRG Maximum power point tracking value of
A active power output for LRG at node <.
gleft et Droop slopes in the left and right droop
zones of LDC at node 4.

07, pind Limits for capacitive and inductive power
factors for generating system at node 1.

Ep» €d Primary and dual residuals for the aug-
mented Lagrangian relaxation-based dis-
tributed optimization methods.

M A Large positive constant for big-M relax-
ation.

D Dimension of the coupled boundary vari-
ables between DN and EPG.

Cic(¥) Generation cost function at node 7

Nums(-) Symbol function to count the number of

uncertain and extreme scenarios.

Continuous Variables

Pi» Qi Active and reactive power injection at node
i.

Dijs Gij Active and reactive power flowing on
branch 7.

iG> 4i,G Active and reactive power outputs of gen-

erating station at node .
Active and reactive power outputs of LRG
at node 1.

Pi, LRG> 4i LRG

DiL»> L Active and reactive power consumption of
load at node 1.

Vi, Uj Voltage amplitude and the squared voltage
amplitude at node i.

€is fi Real and imaginary parts for the voltage at
node i.

0;; Difference of voltage phase between nodes

' 7 and j.

qff}:ﬁég“n, qff‘]fliglax Minimum and maximum values of the sat-
uration bound for LDC at node i.

4 Default reactive power output for LDC at
node 7.

uB, PB, B Boundary variables between EPG and DN

regarding the squared voltage amplitude,
active power injection, and reactive power
injection.

Integer and Binary Variables
o Link status of branches.
Kr The ratio of OLTC.

I. INTRODUCTION

ECONFIGURATION of the distribution network (DN)

has been a research interest as crucial for DN restora-
tion. Back in 1988, the groundbreaking work was laid in [1].
Following that, some preliminary studies based on the heuristic
approach were conducted in [2], [3], [4]. These studies were
limited to the small-scale DN since DN reconfiguration is a
challenging optimal power flow (OPF) problem. Generally, DN
reconfiguration is modeled as a mixed-integer nonlinear OPF
problem, where integer variables are usually associated with
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the link status of branches and nonlinear constraints are usually
associated with the power flow equations. Various works on
OPF-solving approaches that have been carried out [5], [6], [7],
[81, [9], [10], [11], [12], [13], [14], [15], [16], and they can be
broadly classified into two paradigms: metaheuristic techniques
and mathematical programming methods.

Metaheuristic techniques are mostly inspired by natural phe-
nomena or biological processes, and they have been widely used
to cope with nonconvex OPF problems in engineering practice.
Metaheuristic techniques solve the optimization problems by
searching in solution space using the specific rules for diversi-
fying and intensifying initial solutions. In the 90s, the seminal
study that used simulated annealing to solve the optimization
problem for DN reconfiguration was published in [5]. Various
metaheuristic techniques have been successfully applied to the
DN reconfiguration problem. For instance, different versions
of particle swarm optimization [6], [7], genetic algorithm [8],
[9], tabu search [10], etc. In general, metaheuristic techniques
have advantages in solving optimization problems due to their
model-free characteristics and straightforward implementation
that do not require explicit mathematical formulation. As a re-
sult, although DN reconfiguration formulated as a mixed-integer
nonlinear OPF problem is intractable, metaheuristic techniques
can be easily applied. However, metaheuristic techniques have
significant drawbacks in that they are typically time-consuming
and impractical for ensuring high-quality optimization solu-
tions.

In contrast, mathematical programming methods excel at
computation efficiency and can obtain high-quality optimal
solutions. It would be highly desirable to convert the OPF prob-
lem involving DN reconfiguration into a specific formulation
that can be directly solved using mathematical programming
methods. The key step is to handle the nonlinear and nonconvex
conventional power flow equations, and two approaches are
commonly used: 1) linearization on power flow equations. 2)
convex relaxation on power flow constraints. In [11], a mixed-
integer and conic programming model based on the second-order
cone (SOC) relaxation of power flow equations was proposed
to minimize power loss for DN reconfiguration. [12] proposed a
mixed-integer and linear programming method to determine the
minimal combination of switching operations, taking linearized
DistFlow [13]. In addition, spanning tree constraints to make
DN radial are typically added to the optimal DN reconfiguration
problem [11], [12], [14], [15], [16].

Aside from problem-solving approaches, research interest in
the impacts of local renewable generation (LRG) penetration
on DN reconfiguration has gradually grown in recent years.
The uncertainty related to LRG integration is a prominent issue
that influences system-wide power flow heavily, which will
further affect the decision-making in DN reconfiguration. Two
mainstream approaches to deal with this issue are: 1) stochastic
optimization [17], [18], in which chance constraints are built and
LRG output is analyzed as a probability distribution function. 2)
robust optimization [19], [20], where LRG output is described as
an uncertainty bound. Despite significant research achievements
in stochastic optimization and robust optimization, there is still
a need for further improvement in terms of the tractability and
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scalability of the stochastic and robust optimization models.
Specifically, these models cannot be solved directly using off-
the-shelf solvers.

Not limited to the uncertainty associated with LRG integra-
tion, the ancillary services provided by LRG will also pose sig-
nificant effects on DN reconfiguration. One of the most typical
ancillary services is the local droop control (LDC) [21], [22],
[23], which can quickly respond to sudden changes in the node
voltage by adjusting the reactive power output of LRG. However,
the importance of LDC has not been adequately recognized for
DN reconfiguration. Furthermore, the aforementioned studies
have all made the assumption that DN and external power grid
(EPG) operate independently. In this case, the root node voltage
of DN is assumed to be constant. However, as the coupling
between DN and EPG is enhanced [24], [25], it is necessary to
fully consider the interaction between EPG and DN, particularly
the interaction impact on DN root voltage. This necessity arises
from the fact that the system-wide voltage is derived from the
root node voltage for DN.

According to the literature review mentioned above, it is
important to give sufficient attention to the impacts of LRG
and EPG on DN reconfiguration. The following aspects provide
motivation for improving approaches of DN reconfiguration:

® Maintaining an optimal system-wide voltage profile is
crucial for DN operation. In addition to the actions of
the legacy voltage regulating devices (e.g., on-load tap
changers (OLTCs)), it is essential to consider the impact
of LRG equipped with LDC on the system-wide voltage
adjustment.

e Asthe coupling between EPG and DN gets more intensive,
reconfiguration for one DN becomes more closely linked to
the operational status of the EPG and other DNs. The root
node voltage, which serves as the coupling boundary node
voltage, needs to be calculated more accurately through
an integrated model that incorporates both EPG and DN,
rather than being conventionally treated as a fixed swing
node voltage.

® The uncertain power outputs from LRG significantly af-
fect the accuracy of acquiring the DN power flow profile.
Accordingly, the uncertainty regarding LRG should be ad-
dressed for DN reconfiguration and a tractable OPF model
concerning DN reconfiguration should be developed.

In this work, we aim to realize the optimal DN reconfiguration
and propose an explicit mixed-integer convex OPF model that
incorporates DN and EPG sides. This article represents a sub-
stantial expansion of our previous work in [26] by broadening
the literature review, considering the uncertainty associated with
LRG integration and the voltage adjustment from LDC, diversi-
fying the distributed optimization method applied in solving the
proposed OPF model, and presenting a more comprehensive
discussion. The following are the main contributions of our
study.

® An explicit mixed-integer convex OPF model for DN
reconfiguration is developed in this study. This model
takes into account the coupling between the DN and EPG,
enabling a more accurate calculation on the DN root volt-
age. Moreover, the specific piecewise function of LDC
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provided by LRG is incorporated into the constructed OPF
model.

¢ Considering data privacy and computation efforts, it is im-

practical to perform global optimization that incorporates
both EPG and DN sides. Accordingly, the augmented La-
grangian relaxation-based distributed optimization meth-
ods are employed, such as analytical target cascading
(ATC) [27], [28], alternating direction method of multi-
pliers (ADMM) [29], [30], [31], and auxiliary problem
principle (APP) [32], [33]. Furthermore, this study exten-
sively discusses parallel processing and asynchronous im-
plementation techniques that are relevant to the distributed
optimization procedure.

¢ Instead of utilizing stochastic and robust optimization

methods, the extreme scenario method [34], [35], [36]
is employed to address the uncertainty associated with
LRG integration. The extreme scenario method is chosen
for its simplicity in implementation, and the resulting
extreme scenario set enables covering all of the solution
spaces regarding uncertain LRG outputs while avoiding
the massive sampling like in the Monte Carlo method.
Besides, this study extends the application of the extreme
scenario method in the distributed OPF model involving
DN reconfiguration.

The article begins with the mathematical formulation of the
OPF model involving DN reconfiguration and embedding LDC
in Section II. Then, the distributed optimization methods based
on the augmented Lagrangian relaxation are illustrated in Sec-
tion III. Next, the application of the extreme scenario method
is introduced in Section IV. Numerical results are presented
and discussed in Section V, followed by the conclusions in
Section VI.

II. OPTIMAL DN RECONFIGURATION MODEL

In this section, an optimal DN reconfiguration model that
incorporates EPG and DN sides is presented.

A. Objective Function

The joint optimization objective on EPG and DN sides is
formulated as below:

min Z (pi.G - pi,L) + Ci,G) Vi € NEPG

7

= frpG

+ > il +a) v+ Y (wi—1)%, Vij€lon, Vi€ Npy,
i :

= fpN

(1a)

Cicpig) = al + ajp; ¢ + a;pi g, Vi € N, (1b)

where fgpg in (1a) considers minimizing the active power loss
and the total generation cost together. ), a!, and a? in (1b) are
the generation cost coefficients of C; ¢. fpn in (la) considers
minimizing the active power loss and the general voltage devi-

ation together. Usually, the nonconvex termr; (p3; + q;;)/(v;)
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can be simplified to 7;(p;; + ¢7;) due to the assumption that
v; ~ 1p.u.,i € Npn. Note that the active power loss in fgpg
and fpyn are not formulated consistently since different power
flow constraints are adopted on EPG and DN sides, which will
be presented in the following. “:=" used for the function and
matrix definition, or variable assignment, which will frequently
appear in the subsequent text.

B. Node Power Balance Constraint

The node power balance constraint on EPG and DN sides are
presented as follows:

Pi = Pi,¢ — PiL j
5 ’ s VZ S N ) 221
{Qi =4qi,G — qiL o -
Pi = PilRG TPl vy e A (2b)
qi = ¢iLRG — qi,L,

where (2a) indicates that the node power injection originates
from the generating system on EPG side. Equation (2b) indicates
that the node power injection originates from LRG on DN side.

C. Power Flow Constraint
The conventional power flow constraint is shown as below:

Pi = VU; Z Uj (ng COS Hl-j + bij sin 92']'),
J

Vi, j € Npn UNgpa, Vij € lpn U lepa, (3a)
qi = U; Z Vj (gi]‘ sin 01’]’ + bU CcoSs Gij),

J
Vi, j € Npn UNgpg, Vij € lpn U lepg. (3b)

It can be found that (3) makes OPF model hard to be solved via
mathematical programming methods since they are nonconvex
and nonlinear.

For EPG side, SOC relaxation on (3), as described in [37],
can be used to form the convex power flow constraint. Given
as Cjj 1= €4€5 + fifjs Sij = eifj — ejfi, then Cij = Cjis Sij =
—5ji» Cii = U] = u;,and ¢;; = v5 = u; hold, and we have SOC
relaxed power flow constraint presented as below:

pi = 2245 (Cijgij — sijbij)
g = — Zij (8ij9i5 + cijbi;) Vi, j € Nepg, Vij € lepg.
i+ 83 < ciicyj
“)
We take the linearized DistFlow model to formulate power

flow constraint on DN side, considering that power loss is usually
much smaller than the power flow on the feeder for DN [13].

pi = Zj Pij = Phi
qi = Zj Qij — dhi )
u; — uj = 2(rijpij + Tijqij)
Vi, j € Npn, Vij, hi € bpn,Yh € F;,Vj € D;. (5)

It should be noted that SOC relaxation on the DistFlow
model is also a widely adopted method for formulating the
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Fig. 1. Four-node network with a loop and an unconnected node.

convex power flow constraint [38]. It is still an open question
whether the linearized DistFlow or the SOC relaxed DistFlow
is generally more accurate [39]. The reason why we here
selected the linearized DistFlow formulation is presented in
Appendix A.

D. Radial Topology Constraint

DN should keep radial topology, and the corresponding con-
straint should be explicitly expressed. The spanning constraint
proposed in [14] is shown as follows:

0 < ay+aj; <1, Vi,j € Np, (6a)
> aij=1,Vij € lpn, Vi€ Fi i #1, (6b)
Q1 = Oa v.]l € EDN) (60)

where «;; € {0, 1} is a binary variable used to indicate the link
status for branches. For example, a;3= 0 means branch #23 is
open and 3= 1 means branch#23 is linked with flowing from
node#2 to node#3. Equation (6a) regulates that the power flow
direction on branch ij is unique. Equation (6b) requires that every
node except the root node (marked with #1) has a unique father
node. Equation (6¢) implies that the root node has no father node.

Although (6) have been widely used in optimal DN reconfig-
uration, we find that they are insufficient to guarantee the radial
topology for DN. As illustrated in Fig. 1, the set of «;; is satisfied
with (6). However, it should be noted that this four-node network
is not radial but with a loop and an unconnected node. It implies
that if potential loops can be searched and eliminated in advance,
the radial topology for DN can be guaranteed. Accordingly, the
constraint that can prevent loop generation is required, as shown
below:

0< Z Qi + Qg < ]Vloop -1, VZ.] € gloopa (7
ij

where Ny, denotes the node number owned by a potential
loop and /4, denotes the set of branches in the potential loop.
For a loop, the node number must equal the branch number.
Therefore, if (7) holds, potential loops cannot exist. Once DN
network is represented with help of graph theory, various of
search algorithms like depth-first search and breadth-first search
[40] can be used to find potential loops in DN topology.

In addition, with the introduction of «;;, the voltage drop term
U — Uj = Z(Tijpij + x;;¢;;) in (5) should be reformulated as
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below with big-M relaxation:

—May; < pij < May;

—Moayj < g5 < May;

(ui = kij) = (uj = tiz) = 2(ripij + ij4i5)

U;nm(l — aij) S kij S u;nax(l — aij) s
’U,;mn(l — Oéij) S tij S u’;“ax(l — Oél'j)
um‘n Q5 S U; — k‘ij S u?‘axozij
umm i < u; — tij < U;naXOéij
Vi, j € Npx, Vij € lpn, 3

where (8) is used to ensure that the voltage drop term is active
when «;; = 1. k;jand ¢;; are the auxiliary variables.

E. OLTC Action Constraint

OLTC installed on the substation provides the voltage adjust-
ment in the DN root voltage. In this case, u; — u; = 2(r;;p;; +
x;;¢i;) in (5) can be rewritten as:

— Kruj = 2(r4jpij + %iqi5), Vi, j € Npn,Vij € lpx.
)

Note that there is a bilinear term Kru; involved in (9). To
handle Kru;, we assume that KT takes a possible discrete value
from the set {k1 1, k7 2,...,kr N}, and K can be expressed

with a series of binary auxiliary variables by, € {0,1}, such
that:

Ky =3, krpnbrn
Zn bT,n =1

We substitute (10a) into (9), then the bilinear termKru; is
generated, which can be further replaced by a series of auxiliary
variables v ,, and are subject to big-M relaxation, such that:

Kruj =32, krnvry,

u; —M(1 —br ) <vrp <uj+M(1—bry,)

—Mbr, < vr gy < Mbr,

Yopbrn =1
Vn e {1,2,---

Vne{l,2,---,N}.  (10a)

N} (10b)

As shown in (10b), Kru; will eventually be equivalently
formulated as a set of linear constraints with mixed integer
variables, enabling compatibility with the mixed-integer convex
optimization.

F. LRG Capacity Constraint

Considering that LRG integrates into DN with PQ control
mode, LRG has the capability of controllable power outputs.
The original capacity constraint can be expressed as below:

0 < piLrG < PYi RG> Vi € Nbx, (11a)
Prire + Cirg < (579596)°, Vi € Nby,  (11b)

where (11a) indicates that the active power output of LRG
cannot exceed the available maximum power point tracking
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Fig. 2. Linearization of LRG capacity constraint. The green partition repre-
sents the available capacity of apparent power.

(MPPT) value. Equation (11b) forms a semicircle area related
to the apparent power capacity of LRG, which requires a further
transformation since it is nonlinear.

As shown in Fig. 2, the mentioned semicircle area can be
approximated by a half of hexdecagon. In this way, (11b) can be
further linearized by a set of linear constraint:

| tan e X ¢ LRG| < 87" 186 — PilRG, Vi € Npn, (12a)
tan — X g;
| an 16 QZ,LRG|
2 3 2
< (sm 3T + tan 678 g 7r> sf}fﬁG — PiLrG: Vi € Npn,
(12b)
| tan RT{' X qi,LRG|

— piLrG, Vi € Npn,
(12¢)

< [ sin 17r + tan iw cos 1 grated
= 8 16 g ) “ilRG

7
rated
T X gitrg| < tan —7siRe

16 — piLrG, Vi € Npn,

(124d)

t
|3Ln16

where the combination of (12a)—(12d) along with (11a) formu-
lates a set of linear LRG capacity constraints.

G. LDC Function Constraint

LDC with ¢(u) type [21] is depicted in Fig. 3, and it distin-
guishes dead-band zone, droop zone, and saturation zone:

def left i
qzeLRG wi™ (s — U?EB) "< up < ufifp
max
qi,LRG = qi LRG? u;pp < Ui < Upp )
def right p .
giirG T K; (uz - ui,DB) s Uipp < U < up
Vi € NDN7 (13a)
sat, min sat,max .
4; LRG < ¢i1rG < ¢;. LRG , Vi € Npn, (13b)
sat,min sat,max .
4ilrRG = @ire < Girg > Vi€ Non, (13¢)
sat,max min
qi LRZ} ) Ui > u; .
s,at,min w; < qmax ’Vl € NDN’ (l3d)
qi,LRG » e = g
t,max ind
@l i > uy ,
satmin < cap > Vi€ NN, (13e)
qi,LRG » Up S U,
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@ind
1 seseccccccccncnans, 1 ;
qsnt.mnx R
i,LRG in Droop -
def K Deadband DB
qz.LRG
max cap
2 —
g min, min right
X i i 1,DB i
sat,min | Saturation
., LRG
! —min
P
i
(a)
:-mi\x _______________ ]_"_
= eft [
K § i+ Droop max
sat,max ! ., DB
9;1rRG Deadband s e
qdef ®ind P
,LRG i U
e’
. H umin uindumin Krz[/h[ i
sat,min i i i,.DB i H '
qz LRG ; i Saturation
= min cap
®l
(b)

Fig.3. LDC curve for LRG. (a) Corresponds to the condition that the available
reactive power capacity of LRG is abundant. (b) Corresponds to the condition
that the available reactive power capacity of LRG is insufficient.

u;nin > u;nd
= Vi € Nopx (13f)
: cap )
uiﬂdx S ul
umin S uipd -
: ,Vi € Npn, (13g)

U:

max cap
7 Z U

where (13a)—(13c) are common constraints that depict the LDC
curve shown in both Fig. 3(a) and (b). Equation (13a) regulates
that when the measured local voltage is located within the
dead-band zone [u;‘j{;‘B, u'Bg), the reactlve power output of
LRG keeps the optimized default value qi LRG unchanged. Once
the measured local voltage is out of [u]'pp, ui'pp], real-time
voltage adjustment is activated according to the LDC curve with
parameters '™ and k=", It is clear to observe that (13b) and
(13c¢) hold for both Fig. 3(a) and (b). Equations (13d) and (13f)
are specific constraints for Fig. 3(a), which indicates that if the
measured local voltage violates [u™", 4], the reactive power
output reaches saturation qbat Gmm/ max_ Equations (13e) and
(13g) are specific constraints for Fig. 3(b), which indicates that
if the measured local voltage violates [u;", ui"], the reactive
power output reaches the saturation qfifmmm/ max_ Note that

qbifwmm and ¢33} ™** are affected by the available reactive power

capacity of LRG which are defined as:

@gap = — \/ ;“ECEG - pzz',LRG’Vi € Nbn, (14a)

G;nd = 4+ \/ ;ai:](ziG — p%7LRG,Vi € Nbn. (14b)

Also, we defined the bounds associated with umm and
u* as:

Egnin A qSeIERG Kleft (u;nin _ anB> Vi c NDN7 (15&)
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=max . def
=

= 8o + AU (U — uM) Vi € Npn. (15b)

As shown in Fig. 3(a), when the available reactive power of

capacities of LRG is abundant, i.e., [0}, ©"] is wider than
sat, max

[Epin, ZpPax], qfaLthm and ¢;1pg ~ are determined as:
TRe™ = Zpin =i > 0 Wi € My, (16a)
e = Emex Zmax < oM i € Apy. (16b)
Otherwise, as shown in Fig. 3(b) qfng‘ " and qff‘fﬁg“ are
determined as:
qzsitlianin - ®C‘ap75§nin < 07", Vi € Moy, (17a)
gimax — @M = > I Vi € Np. (17b)

Looking back (13a), due to the voltage security constraint that
up™ < u; < uP®, aslong as the constructed OPF model has fea-

sible solutions, (13a) always holds under a specific condition that

* defx * - sat,minx sat,maxx
(qi,LRGﬂqi,LRGvui,LRG)’ and appropriate (g; LRG i LRG )

can definitely be found that makes (13b) and (13c) hold. In

cap/ind —min/ma cap/ind
this case, u; p/ind =M /max and 0; P/ind oo be treated as

slack Varlables, and (13d) (l3g) and (16)—(17) naturally hold
and become redundant for forming the LDC function in both
Fig. 3(a) and (b). Notably, ¢} 1ze " and ¢;7zg ™ should subject
to the constraints below:

n)2 2 .

pzz’,LRG + (QZSTREH l) < (S?E:IQG) , Vi € Npn, (18a)
<\ 2 ; 2 .

Prre + (G1R6™) < (s7i%6)", Vi € Nbx,  (18b)

where nonlinear (18a) and (18b) can be further approximated as
a series of linear constraints, which are similar to (12a)—(12d).
According to the above, LDC curve in Fig. 3(a) and (b) can be
generalized formulated via (13a)-(13c) and (18).

Subsequently, for handling (13a) with conditional function,
we introduce auxiliary variables f; 1, fi», fi3 as follows:

fir = iR — mE" (0 — uf) s wl™ < < uf',
Vi € NDN, (19a)
def
fip = qz',eLRGa Uz pp < Ui < U%XB
Vi € Npn, (19b)
ht P > P
fiz = @R + R (us — ), uly < u; < uf™
Vi € NDN- (19¢)

Based on (19), ¢;1rc can be equivalently expressed as a
combination of binary variables x; ,, € {0, 1}, such that:

Qi IRG = D Xinfin

Zn Xi,’ﬂ = 17

[Xi,u Xi,25 Xi,3]

€ {1,2,3}, Vi € Npx, (20a)

(1,0, 0], u'™ < u; < uiy
=<0, 1, 0], uy}g]g <u <uPEE Vi€ Npn.  (20b)
[0, 0, 1], w3y < u; < uP®

Authorized licensed use limited to: TU Delft Library. Downloaded on December 13,2023 at 10:39:37 UTC from IEEE Xplore. Restrictions apply.



LI et al.: DN RECONFIGURATION CONSIDERING THE IMPACTS OF LOCAL RENEWABLE GENERATION AND EXTERNAL POWER GRID

The bilinear term ; ,, fi ,, can be further expressed with the
additional auxiliary variables w; ,,, such that:

GiirG = Y _Win, n=1,2,3, Vi€ Npx,  (2la)
n
q?jlflirginXi,n S Wi, n S qjit]igaxxtn
fi,n + qffll_t]’zr(r}lm(l - Xz,n) S wi,n S fi,n )
t,
+aitra (1= Xim)
n € {1,2,3},Vi € Npn. (21b)

. t,mi t
Note that bilinear terms ¢} pg Xi,n and ¢} g - Xi,n are suc-

cessively generated in (21b). For handling them, the additional
sets of auxiliary variables 7; ,, and o, ,, are introduced to replace
G1RG "X and 51 R6 ™ Xs n Via big-M relaxation, which yields

the following:

_MXi,n < Oin < MXi,n
7M(1 - Xi,n) S Ui,n - q;i:c}ilgm S M(l - Xi,n)

3

n e {1,2,3},Vi € N, (222)
~MxXin < Tin < Mxip
{—M(l —Xim) S Tim — GrpG T <M1= xin)
n e {1,2,3},¥i € Npx. (22b)

Besides, voltage conditions in (20b) can be explicitly ex-
pressed as follows with big-M relaxation:

—M(1 = x;1) < uy — uiin
( mif”l) N L VieNow,  (23a)
Ui — (ui,DB —¢e) <M(1 = xi1)
—M(1 = xi2) < u; —ulsy
’ WDB i€ Now, 23b
{ui —upy < M(1 = xi.) N (230)
—M(1 = xi3) < ui — (u'By + )
: Vi€ Npw,  (23¢
{Uz‘ —uf™ < M(1 = xi3) ony (23)

where € has a tiny positive value and it is utilized to convert
inequality “<” existing in (20b) to “<”, to meet the standard
form of an inequality constraint.

H. Other Constraints

The capacity constraint for generating system that p? ., +

. 2. . U
@} o < (s .)" is also included. It can be formulated as similar

to LRG capacity constraint as (12a)—-(12d) by replacing p; 1 raG,
i LRG> sE"}}fﬁG with p; @, ¢i.q, sﬁa‘éd Moreover, the power factor

constraint for the generating system should also be added:

1 1
— pig tan (cos (tpgdp)) < ¢,c < p;gtan (cos (ap;"d)) ,
Vi € NEPG~ 24)
III. DISTRIBUTED OPTIMIZATION METHODS BASED ON THE
AUGMENTED LAGRANGIAN RELAXATION

Considering the computation burden for global optimization
and data privacy protection between EPG and DN, the distributed
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/ .
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Duplicate boundary variables
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Iy <> 4y

Fig. 4. Illustration of decomposing the integrated system of EPG and DN.

optimization methods based on the augmented Lagrangian re-
laxation are employed to solve the aforementioned OPF model
via the boundary information exchanges between EPG and DN.

A. Model Decomposition and Distributed Solving

As shown in Fig. 4, by duplicating the boundary node, the
boundary variables up, pg and gp are generated. We use the
superscript ()’ to represent the corresponding duplication vari-
ables.

Denote XEC := [ug, p'p, ¢’ as the boundary variables
on the EPG side and X2 := [u'g, pp, ¢g| as the boundary
variables on the DN side. The solving process of the distributed
optimization methods based on the augmented Lagrangian re-
laxation is formulated as follows:

—~ EPG
XB

/

—

—~ DN
€ argmin Lgpg <XEBPG, X6 Xy, l>, (25a)

—~ DN ~EPG ~
Xy € argmin Lpy (XgN, XN Xy l>7 (25b)

—~ ~DN  ~EPG
lEM(XB,XB 7l>, (25¢)
where the top mark (—) represents the determined value after
distributed optimization. XT"° := [p; o, q; | represents in-
dependent optimization variables on the EPG side, involving
the active and reactive power outputs from generating systems.
XN .= [Pi1rGs QiLrGs Qij, KT] represents independent op-
timization variables on the DN side, involving the active and re-
active power outputs from LRG, link status of branches, and tap
positions for OLTC. 1 := [A, p]includes Lagrangian multipliers
A and the penalty coefficient p. M(-) represents the iteration
approach for Lagrangian multipliers and the penalty coefficient.
Variables in bold represent their corresponding vector form.

The augmented Lagrangian relaxation is the upgrade of the
Lagrangian relaxation with an extra quadratic penalty term
for better convergence property. Three approaches, i.e., ATC,
ADMM, and APP, are employed in this article. Regarding (25a)
and (25b), ADMM and ATC have a unified expression, such
that:

. k T
min Lt = ferg + 1% (X%PG — xRN )>
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|
113" (X5 - XY 13

s.t. (2a), (4), (24), (26a)

. T
min L% = fo + 20 (XY - xpY)
! (k+1)
g (xEE - xRY) 15

s.t. (2b), (5) — (23), (26b)

where the superscript ()(k) represents the determined value at
the kth iteration and the superscript ()T represents the transpose
of a matrix.

APP has a distinctive expression concerning (25a) and (25b),
such that:

min L") = fepg + AP XEGT
+p® (XEBPG(k) _ XgN(k)) X1]£31>GT
+ 11 (x50 - XEPEY) |1

st. (2a), (4), (24), (27a)

min £é§+l) = fpn — )»(’C)XBNT
EPG(k (k)
— p® (XB ( )_XEN )XgNT
(k)
+ 1l (XY - xBY) |

s.t. (2b), (5) — (23). (27b)

Regarding (25c), ADMM and APP have a unified expression,
such that:

M {x(k+1) e A R) g k) <Xgpc(k+1)_XgN(k+1))
(28a)

ATC has a distinctive expression concerning (25c¢), such that:

o { AGHD kg L (p(k>)2 (X‘é"G(’f“) _ XgN(kH))

7

(28b)

where v > 1 is used to adjust p.

B. Parallel Processing

It can be found that, except for APP, the standard iteration
process for ADMM and ATC is in serial. Equations (26a) and
(26b) indicate that one is only available if the other is exe-
cuted. Parallel processing is considered to address this issue
[31], [41]. The parallel processing uses the average value of
boundary variables on DN and EPG sides in every iteration.
Comparing the processing flowchart illustrated in Fig. 5(a) and
(b), we can see that EPG and DN can execute their local update
simultaneously via the parallel processing approach, and the
entire processing steps of one iteration can be reduced. In this
way, the computation time required for one iteration is not the
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(1) update X;*“and transmit X";YG

(2) receive X?G, update X, and transmit Xr‘:\

(1) update XF™%and transmit X%,

update X‘?and transmit X‘fx

(3) receive X‘[;N, update [ (2) recive X?ﬂmld X::N update [

(@ (b)

Fig.5. Processing flow chart. (a) Represents the serial manner. (b) Represents
the parallel manner.

sum of the computation time for EPG and DN but depends on
one of them that takes a longer time.
Accordingly, (26a) and (26b) are transformed as:

. k+1
min L'E(Pg ) =

ave

k T 1
fer + M (XBO = X0+ [150M (XE — XQ)13

st. (2a), (4), (24), (29a)

min ﬁD(fIH) 1=

ave ave

k T 1
for + AR (XL = X+ 11700 (X - XBYIB

s.t. (2b), (5) — (23), (29b)

1 (k) (k)
x (k+1) > (XBN 4 XEPO ) .

ave

(29¢)

Also, update process of Lagrangian multipliers in (28a) and
(28b) are transformed as:

k41 k EPG(k+1D)
Xl(ng ) = )‘](EP)G +p®) ( X3 ( — X

. ) , (30a)
M= A+ (XU - xR )

k+1 k+1 2 EPG(k+1 .
‘\](EPG ) : ;LI(EPG ) é(p(k)) (‘XB (ke ;(e(nlje 1))
k+ k+ 2 k+ DN (k+1
)‘](Z)N Y ; )‘](DN Y ;(p(k)) (XZ(WC K XB ( ))
(30b)

Moreover, while APP already been taken the parallel iteration
process, it can also be transformed into an average consensus-
based parallel iteration process. The approach is similar to (29),

k
which replaces X ! and XEPS™ in (27a) and (27b) with

x (k)

ave» Tespectively.

C. Asynchronous Implementation

In practice, implementing distributed optimization methods
based on the augmented Lagrangian relaxation might encounter
the challenge of time delay. When time delay is considered, there
are two types of ways to implement distributed optimization, i.e.,
synchronous and asynchronous. In particular, an asynchronous
optimization framework based on ADMM has been proposed in
[42], [43], which can be extended and applied to other aug-
mented Lagrangian relaxation-based distributed optimization
methods.

As presented in Fig. 6, assume that there are one EPG and
two DNis that take different times to execute optimization tasks.
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Iteration

{ Computation time
EGP | |

| Synchronous

EGP | [ | |
ov

i Asynchronous

Fig. 6. Illustration of the synchronous and asynchronous implementation.

Under the synchronous protocol, only when all two DNs have
completed the update and EPG has received all the boundary
information from DNs, (29¢) and (30) can be executed. In
contrast, the asynchronous protocol requires only one DN to
complete the update in one iteration. If EPG receives half bound-
ary information from DNs, then (29¢) and (30) are executed.
During the same period, the distributed optimization under the
asynchronous protocol can complete more iterations than it
under synchronous protocol.

Define R as the DN set, and its boundary information have
been received by EPG. R denotes the complementary set of
R. We use subscript (). to represent DN# 7 among the DN
set. Then we have the modified update formulation regarding
boundary variables that match the asynchronous protocol, such
that:

k _
XN yreR

Xgl,\i'(kJrl) = (k+1) ’
DOl € argmin(29b), Vr € R
(1a)
X Vrer
X+ (31b)

ave,T

L (XY + xp0®) vre R

D. Remarks

Firstly, reviewing (1)—(24), we can see that the constructed
OPF model concerning DN reconfiguration is not purely convex
due to the integer variables involved. In this case, optimality and
convergence cannot be rigorous guaranteed when applying the
augmented Lagrangian relaxation-based distributed optimiza-
tion methods. Fortunately, we found that there have been several
attempts indicating that the augmented Lagrangian relaxation-
based distributed optimization methods can still be taken to solve
nonconvex OPF problems [44], [45], [46]. Although the opti-
mization results for nonconvex problems are not as good as those
for convex problems, they are still acceptable. As a result, this
article attempts to solve the constructed mix-integer convex OPF
model involving DN reconfiguration using ATC, ADMM, and
APP. The residuals are used as the iteration-stopping criterion,
such that:

. 1 EPG(k DG(k
51(>k) = BHXB ( )_XB ( )H2a (32a)
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k 1 EPG (k—+1 EPG(k
e = plIXE = X

(32b)

Then as shown in Fig. 3, LDC is described as g(u) type,
which is squared in the local voltage amplitude [21] and origins
from the conventional version, i.e., ¢(v) type. Besides, g(v) type
has other modified versions, such as the simplified ¢(v) type
without dead-band and the delayed g; (v¢, g1 ) type reading the
current local voltage and the previous reactive power output [22],
[23]. We would like to address that only minor modification
is needed, and the proposed OPF model can be compatible
with the conventional ¢(v) type. More details can be found in
Appendix B.

IV. EXTREME SCENARIO METHOD

The uncertainty related to LRG integration stems from the
available MPPT power, which heavily affects the decision-
making in optimal DN reconfiguration. To address this chal-
lenge, the extreme scenario method is introduced.

A. Two-Stage Decision-Making

In practice, devices for DN reconfiguration are scheduled
under different timescales since they have different response
speeds. Therefore, the proposed OPF model (1)—(24) can be
described as a standard two-stage decision-making problem with
the below general form:

min f (5(5),93(3),3/(5))

s.t. {g (&(s)rT(5):Y(s) <0
H (&) @(5): Y(s) =0

Vs e S, (33)
where the subscript ()(S) corresponds to the parameters and
variables in uncertain scenario# s. S denotes the set that covers
all uncertain scenarios. The uncertainty related to LRG origins
from the available MPPT power, ie., &) = PTG ()Y (s)
represents the variables linked with slow-response devices,
including power outputs of generating systems in EPG, tap
positions of OLTC in DN, and link status of branches in DN,
Le., Yy = [pi,G,(s)vqi,G,(s)aKT,(s)aaij,(s)]~ T(s) Tepresents
the variables linked with fast-response devices, including power
outputs of LRG in DN, i.e., (s := [P; LRG,(s)> 9i,LRG,(s)]-

A robust two-stage decision-making means the condition
holds that the robust y ) (i.e., Y1) = Y2) = *** Y(Num(s))) ae
determined in the first stage, and then a feasible x ) is definitely
found in the second stage for arbitrary § . In this case, a robust
formulation of (33) is formed as:

min Z f (€(§)7 L(s), y)

{g (g(s)a m(s)ay) <0
s.t.
H (5(3)713(5)79) =0

Vs e S. (34
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Fig. 7. Schematic diagram of the relationship between extreme and uncertain

scenarios. The dimension of the uncertain variable is assumed to be 2.

where y served as the “here-and-now” decision that cannot be
adjusted after the uncertainty &, is revealed, while the “wait-

and-see” decision x (4 can be adjusted following the actual E(S) .

B. Robustness of the Extreme Scenario Method

To guarantee the existence of feasible solutions in the second
stage for (34), an intuitive approach is to take all uncertain
scenarios into account and list the corresponding constraint, but
it is prominent mass computing. Fortunately, it is not necessary
to consider all uncertain scenarios. Because once the second-
stage feasible solutions exist when confronted with extreme
scenarios, (34) must have the second-stage feasible solutions
for all uncertain scenarios, which is the essence of the extreme
scenario method. The robustness of the extreme scenario method
has been validated in [34], [35], [36], and the proof is presented
as follows.

Firstly, an OPF problem considering extreme scenarios is
formulated as below:

min Z f (s{e}a w{e}a y)

H (é{e}a x{e}7y) =0
Ve € &,

St {g (E{e}vw{e}7y) <0

(35)

where the subscript () (e} corresponds to the parameters and
variables in extreme scenario# e. £ denotes the set that covers
all extreme scenarios and obviously that £ C S. As shown in
Fig. 7, if £, is a 2-dimensional variable, the number of £,
will be 2% = 4. Given that Ze re = 1,7, > 0, and it is clear
that &, corresponding to the arbitrary uncertain scenario can
be expressed as &) = >, 7e&(e) -

Then, what we should do is to prove that if constraints in (35)
hold in all extreme scenarios &£, constraints in (33) definitely hold
for all the uncertain scenarios S. Review (2)—(24), constraints
in (35) can be explicitly expressed as:

gl (5{5}7 w{e}7 y) = Agéze} + ng?e} + ngT S Oa (363)

H(g{e}v w{e},y) = AH&?@} + B'Hm{Te} + CH'!/T - 07
(36b)

gz (${e}) = HE o :I}{e}Hz - Fﬂ)?e} < 0, (36C)

where Ag/3, Bg/u, Cg/u, E, and F are the coefficient ma-
trixes of constraints in (35). o denotes element-wise multiplica-
tion. Equations (36a) and (36b) corresponds to the linear equality
and quality constraints among (2)—(24), respectively. Equation
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(36¢) corresponds to the SOC relaxation term in (4), thus only
the second-stage variables x /., are contained.
Based on (36a) and (36b), we have that:

Zreg1(€{e},${e}7y) =G (Z Tcﬁ{e}7zrcﬂ3{e}7y> )

(37a)
Z 7’@7‘[(5{6}, Tie}s y) =H <Z Teg{e}v Z Ted{e}s y) .
e e e (375)

Clearly, if (36a) holds,G; (>, re&{e}s Y oeTe®iey,y) < 0and

H o re€ieys 2oe Te®ie), y) < 0 will hold.
For Gy (.} ), itis ahypo-convex function. With help of Jensen
inequality [47], we have that:

G (Z Tex{e}> < ZTeQZ(w{e})'

(&

(38)

Hence, if (36¢) holds, G>(D _, rexey) < 0 will hold.

Moreover, it must hold that a z inside the convex feasible
region of (33) can be linearly expressed by the boundary point
T (e}, which yields the following [48]:

{EE = Ee reac{e}

—~ (39)
T €{Ta), T2y T(Nums(S))

Combining (35)—(39), it can be deduced that once y in the
first-stage decision-making makes (35) that covers all extreme
scenarios &,y have feasible solutions ., in the second-stage
decision-making, it can also make (34) that covers all uncertain
scenarios &, have feasible solutions x(y) in the second-stage
decision-making.

C. Application in the Distributed OPF Model

The extreme scenario method is intuitive and straightforward
to be adopted. However, once multiple DNs are considered in
the constructed distributed OPF model concerning DN recon-
figuration, the number of extreme scenarios will be exponential
growth as the number of uncertain variables associated with
LRG increases. Itis necessary to find an appropriate way to reach
the application of the extreme scenario method in the proposed
distributed OPF model to meet the requirements in the practical
application better.

The core of the augmented Lagrangian relaxation-based dis-
tributed optimization methods is information exchanges regard-
ing the boundary variables. If the boundary variables are com-
pulsorily required to be equal in each extreme scenario, we have
the modified version of (35) with a compulsory constraint, such
that:

min Z f (£{e}a w{e}a ’!J)

g <€{e}v [m{{e}a z{e}]vy) <0
H (s{e}a [x/{e}7 z{e}]a y) =0
{1} = Z{2} T T F{Nums(8)}

s.t.
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Ve € €, (40a)

where z (. denotes the boundary variables in extreme scenario#
e. This compulsory constraint can be fulfilled as long as we put
Z{cy into the first-stage decision-making. Consequently, (40a)
has an equivalent formulation, such that:

min Z f(S{e}, [mf{e}, z],y)

gl (6{6}7 {e} Yy ) S
s.t. (g{e}7x{e}ay )
G)(a,)) <0

Ve € &,

0
0

(40b)

L T
g;y{e} 1= Ag€yy + B’g:c{e} +Chy'"
= Ag€l, + Bga!, + Dgz" +Cgy' <0
Ml = Anéley + By, + Cy'" ,
= Ayt + B wey +Dyz" +Cuy’ =0
G 1o = B 0@y ||, — F'all, <0
(40c)

By = [Bg3, Dgul
Cg3 = [Dgu, Con

E:=[E' 0 40d)
F :=[F',0] '
Tie) = [Ty, Z(e}]

Y = [2,y]

where G (§/.), m/{e}vy ) =0 e} gz(m{g}) =0, ep H(E ey
m’{e},y’ ) := H{ey. It is evident that the feasible region con-
cerning x{y in (40a) is contained in the counterpart of (35).
It further implies that the condition that y’ makes 93/{@} has
feasible solutions in (40b) is sufficient for the condition that
y makes ) in (35) has feasible solutions. As formulated in
(4), the boundary variables are not involved in SOCP constraint.
Therefore, as formulated in (40c), different from G i {e} and ’H’{e} s
gi (e} contains &’ .y Without Z{e}- The changes of the coefficients
and variables in 40(a) can be found in (40d).

We assume that the constructed OPF problem formulated as
(1)—-(24) can be decomposed into M blocks according to the
decomposition approach provided in (25)—(28). In this case, we
have that:

Ag/y = -A([JI}H’AE}H"” A[QR;IH
)

Com = C[gliwc[gz}w T C[QN;HH

C'g = [C’g/H,C'[;}H, . C'g/y} ’ (1)
Dgy = D[g]}wD[gz}w ’ D[gl\;lv]{}

E = E’[ ],E'[ ]7,,. ,E'[M]}

H — H'[l],H'[2]7~ . ,HI[M]}
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2
E{(’ . E{e}aﬁ{e}w- aé{e}:|
[ 02 /(M
Thoy = [Ty @y {e}}
L0 (M]
Zle} T | Rrep Fleyr {e}:| ’ (41b)
y = [yl gy, ,y[M]]
y, = |:y,[l]ay,[2]a e 7y,[M]:|
ey = g;[l{]e} U g;[z{e} UGG
(o =HE U”H,{e} UHiuG =0, @10
;o /[M]
G ey = gz,{e} UGyt UG
£:= (€M B ... gh)
e = (el el ... M)
velll € gl
Vel ¢ £ (41d)
VeM] ¢ gM]

[n]

where () (e} corresponds to the parameters, variables, con-

straints, and sets for block# n in extreme scenario# e. Gz{Te} =

G [z["} 2 z[M]]T = Orepresents the boundary coupling
fepr=fep> 2 7{e}
constraint, which emerges after system decomposition and can
be used to maintain consistency regarding boundary variables.
Particularly, (41d) implies that extreme scenario# e associated
with the complete system can be regarded as a combination of
extremet# e[} associated with the decomposed system. For the
sake of clarity, we call the former as “global” extreme scenario
and the latter as the “local” extreme scenario, which yields the

following:

Nums(E) (42)

3 [n]
:’};[lNums (E )

For (35), the corresponding distributed OPF problem for
block# n is expressed as below:

min 3 7 (€03 Lo i)

] L] )T

ity = Ag 55}

+ C[” [n]T S 0

il Al T L el AT L T

i = AllelT 4 BT 4 plilol]
+ C%]y[n]T -0

n /[n]T n] /[n]T
||El[ ] ow{e} ||2 _ F/[ ]x{e}

[n]T

n] /T [n]
+ B + Dg Z(

T}
s.t.
g’[”] R <0
2,{e} - - =
n] =l ~M]7 "
G[ Zley Flep ’Z{e}} =0

Ve € €.

(43)

From (43) we can see that due to the existence of the coupling

g
constraint that G|z ETL]} H[{le]},~~ ,2?2?] =0, the decision-

making of block# n is not only influenced by “local” extreme
scenarios of itself but also “local” extreme scenarios of other
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blocks. Consequently, in every specific “local” scenario E[n],
block# n still need to consider extreme scenarios associated with
other blocks, the number of these extreme scenarios as total as:

M
Nums(E) = ]I
k=1,k#n

o = (g[“l’em,... ,e[M1>

eecé&.

Nums(EWF)

(44)

According to (44), it can be deduced that despite the dis-
tributed optimization model built, each block still needs to
consider an equal number of “global” extreme scenarios, as
mentioned in (35). £ denotes the set that covers all extreme
scenarios associated with other blocks.

For (40), the corresponding distributed OPF problem for
block# n is expressed as below:

mme(é{e} =] )

Mn] n] [n]T ] /[n] / 1T
Giiey = Ag & +Bg } '+ Cy <0
/[n] ["] [T | [n] /[n]T /], in]T _
Lo ST = A S+ By + Oy =0
+ U n T n
Gty = 1EM o] - FallT <o
T
G Z[n],z[1]7~-. 72[M] -0
Ve € £. (45a)
From (45a), we can observe that G[z["], 2“], e
E[M]]T: 0 makes the decision-making of block# n exclusively

influenced by “local” extreme scenarios of itself but not “local”
extreme scenarios of other blocks. In this case, many constraints
linked with “global” extreme scenarios are redundant, and (45a)
is equal to a reduced version, such that:

In] nl ]
mme(E{e[n [ Ly # },y)
/[n] _ /[n] /[n]r -
e FEOIE A €{€[n]}+B Tyoin) }+C y'l ]T<0
) HL, = Al 5{’;][3 }+B'[”] T+ Oy =0
S.t. n .
Gty = 1B 0 2T |1y~ P <0
T
alzm 2. 7;[Mq 0
vell ¢ glnl, (45b)

Equation (45b) indicates that when the distributed optimization
approach is taken, each block only needs to consider their own
“local” extreme scenarios instead of “global” extreme scenarios.

In summary, (45) offers a distributed optimization approach
for (40), significantly reducing the number of extreme scenarios
that need to be considered. Equation (40) provides a more con-
servative optimization result than (35) due to the added compul-
sory constraint associated with boundary variables. Besides, it
also means that if (40) has feasible solutions, then (35) definitely
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Fig. 8. Configuration of an integrated test system of one EPG and two DNs.

has feasible solutions. Further, once (35) has feasible solu-
tions, the initial problem (34) will also have feasible solutions.
Eventually, we can conclude that the distributed optimization
model (45b) can provide a robust decision-making regarding
DN reconfiguration to hedge the uncertainties origin from LRG,
by considering the reduced number of extreme scenarios.

V. CASE STUDY

As presented in Fig. 8, the integrated test system consists of
one IEEE 9-bus EPG and two modified IEEE 33-bus DNs. In
both DN#1 and DN#2, LRG is integrated into bus#5, bus#12,
bus#20, and bus#30, with a rated capacity of 600kW. The un-
certain interval of MPPT power for each LRG is [240, 480] kW.
In DN#1, line#6-#7, line#10-#11, and line#14-#15 suffer open
fault. In DN2, line#3-#4, line#10-#11, and line#27-#28 suffer
open fault. In EPG, the rated capacity of generating system at
bus#1, bus#2, and bus#3 are 150MVA, 200MVA, and 150M VA,
respectively. Their power factor limits are +-0.85. OLTC has 17
tap positions with a voltage regulating range of +£1.25% x 8. The
voltage safety bound for EPG and DNs are [0.97, 1.1] p.u. and
[0.95, 1.05] p.u., respectively. The voltage bound regarding the
LDC dead-band zone for LRG is [0.98, 1.02] p.u.

In particular, for asynchronous implementation in distributed
optimization, we assume that EPG and DN#2 spend the same
amount of time on computation and communication, while
DN#1 spends twice as much time on the counterpart. It means
that the variables between EPG and DN#2 are updated every
iteration, while between EPG and DN#1 are updated every two
iterations. Thanks to the application of the extreme scenario
method in the proposed distributed OPF model, each DN only
needs to consider own 2% “local” extreme scenarios rather than
entire 2% “global” extreme scenario.

The optimization computation is coded on MATLAB with
the collaboration of YALIMP. GUROBI is utilized to solve the
involved SOCP and MIQP problems on EPG and DN sides,
respectively. During each iteration of ATC, ADMM, and APP,
the corresponding OPF problems related to DN#1 and DN#2
are processed simultaneously, invoking “parfor” command.
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Convergence performances. (a) Is the distributed optimization result of taking ATC. (b) Is the distributed optimization result of taking ADMM. (c) Is the
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Reconfiguration procedure of DN #1 (taking ADMM). (a) Shows DN with the line open fault before reconfiguration. (b) Shows potential loops in DN.

(c) Shows DN reconfiguration in the initial iteration. (d) Shows DN reconfiguration in the last iteration.

“allcycles” command is used to help search potential loops
during the process of DN reconfiguration.

A. Convergence Discussion Regarding Distributed
Optimization Method

Distributed optimization among DN and EGP is accomplished
through information exchanges on the boundary node. The stop
criterion related to the boundary residuals is le-3, which is
relatively loose for avoiding iteration entering the endless loop.

Fig. 9 presents the convergence performances of taking stan-
dard ATC, ADMM, and APP, respectively: Although the con-
structed OPF model with integer variables is not a typical convex
problem, all of the distributed optimization methods adopted still
have fulfilled the stop criterion after several iterations. More-
over, because ATC and ADMM have highly similar iteration
expressions, the optimization objectives of DN#1, DN#2, and
EPG mostly converge to the same numerical values. Besides,
the reconfigured topology of DN eventually converged to a
determined shape after several iterations.

Fig. 10illustrates the reconfiguration procedure of DN#1 with
taking ADMM: After monitoring line open faults in Fig. 10(a),
a total of three potential loops are identified and marked in
Fig. 10(b). Fig. 10(c) and (d) present the reconfigured network
topologies during the initial and last iteration, respectively. It is
evident that the two topologies are different. As a result, we can
conclude that considering EPG impacts on DN root voltage is
vital for effective DN reconfiguration. Neglecting the influence
of EPG operation on the DN root node voltage can significantly
affect the decision-making process regarding the reconfigured
topology.

TABLE I
DISTRIBUTED OPTIMIZATION PERFORMANCES WITH DIFFERENT APPROACHES

Approach | Approach 11 Approach 11T

Methods - — [ Obj.  ler. _ Obj, lter
ATC 7.1704 9 7.1790 16 7.1818 17
ADMM  7.1680 10 7.1782 18 7.1782 18
APP 7.1633 17 7.4813 17 7.4865 18

B. Comparative Analysis Regarding Distributed Optimization
Results

We compare distributed optimization results taking ATC,
ADMM, and APP with different implementation approaches.
We designate the results achieved through standard processing as
Approach I, the results obtained through parallel processing as
Approach II, and the results obtained by considering both paral-
lel processing and asynchronous implementation as Approach
III. To assess the optimality of the distributed optimization
outcomes, we utilize the global optimal numerical result 7.1273
attained through centralized optimization as the benchmark.

Table I presents the optimization performance in terms of opti-
mization objective (the sum of optimized numerical values of op-
timization objectives in EPG, DN#1 and DN#2) and iteration: A
comparison between Approach I and Approach II reveals that
for ATC and ADMM, Approach Il enables parallel computation
but requires more iterations. Although the computation time for
each iteration in parallel distributed optimization is shorter, the
increased number of iterations makes it challenging to judge
which approach has a lower total computation time in practical
applications. Regarding APP, the iterations with Approach I and
Approach II are nearly the same. This similarity arises because
the standard iteration approach for APP is inherently parallel.
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Fig. 11.  Iteration curve regarding boundary voltage between EPG and DN #1
side (taking ADMM). (a) Is with Approach II. (b) Is with Approach III.

TABLE I
COMPARISON OF OPTIMIZATION RESULTS BETWEEN THE DETERMINISTIC
APPROACH AND THE PROPOSED ROBUST APPROACH IN DN #1

Optimization objective (under 100 random scenarios)

Approaches Max. Min. Avg. Std.
Deterministic 0.0293 0.0082 0.0096 0.0024
Robust 0.0144 0.0137 0.0140 2.08¢-4

Furthermore, regardless of the distributed optimization methods
used, Approach I yields optimization results that are closer
to the global optimal value. This implies that the augmented
Lagrangian relaxation method can still guarantee optimality to
some extent when applied to the constructed distributed OPF
problem that incorporates mixed-integer variables. Comparing
Approach II and Approach III, we observe that even though
only partial information regarding boundary variables is avail-
able at each iteration, it has a slight impact on optimality and
iterations while effectively saving time for one iteration.

Fig. 11 illustrates the boundary voltage between EPG and
DN#1 obtained taking ADMM, providing a more intuitive
representation of the iteration process with Approach II and
Approach III: By comparing Fig. 11(a) and (b), it is evident
that the boundary voltage exhibits more dramatic changes be-
fore reaching the final convergence with Approach III. This
behavior can be attributed to the fact that DN#1 is unable to
provide the latest boundary variables to the EPG side in every
iteration, leading to more significant variations in the boundary
voltage.

C. Robustness Verification Regarding the Proposed DN
Reconfiguration Approach

Traditionally, DN reconfiguration was conducted using the
deterministic approach. We randomly generate 100 scenarios
regarding LRG to compare the optimization results between the
proposed robust approach based on the extreme scenario method
and the deterministic approach. For the deterministic approach,
the line switch status and OLTC tap position are kept constant
for 100 scenarios, which are determined by considering only one
expected scenario. For the proposed robust approach, besides
the line switch status and OLTC tap position, the boundary
voltage and power are also kept constant for 100 scenarios,
which are served as the first-stage variables and determined by
considering 2* “local” extreme scenarios.

The comparative results in DN#1 are shown in Table II: We
can see that the proposed robust approach has a larger average
value for the optimization objective, but it provides stable op-
timization results encountering the different scenarios and can
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Fig. 12.  System-wide voltage profile in DN #1. (a) Is with the deterministic
approach. (b) Is with the proposed robust approach.

TABLE III
ACTIVE POWER LOSSES BEFORE AND AFTER DN RECONFIGURATION

Active power loss (MW)

DN Before After reconfig.  After reconfig.
reconfig. (without LDC) (with LDC)

#1 0.1911 0.0965 0.0553

#2 0.1913 0.0880 0.0711

hedge against any possible realization within the uncertainty
related to LRG.

Fig. 12 presents a comparison of the system-wide voltage pro-
files in DN#1: The expected voltage profile optimized using the
deterministic approach appears ideal in Fig. 12(a). However, this
optimized profile is highly susceptible to significant deviations
in the event of the worst scenario. In contrast, in Fig. 12(b), the
proposed strategy demonstrates consistently satisfactory voltage
profiles across all scenarios and establishes tight bounds on the
voltage profiles. This highlights the robustness of the proposed
approach, as it is able to maintain desirable voltage profiles even
in different uncertain scenarios.

D. DN Operation Status After Reconfiguration

The following results from the proposed distributed optimiza-
tion approach are obtained to better demonstrate the effective-
ness of the proposed DN reconfiguration approach (we select
the results based on ADMM to present).

Firstly, we compare the power flow before and after reconfig-
uration in Fig. 13 (here line open faults are not considered for
DN before reconfiguration): Quite a few branches have heavy
power flow before reconfiguration in Fig. 13(a). Thanks to the
reconfigured DN topology as well as the power generation of
LRG, the system-wide branch power flows in Fig. 13(b) and (c)
are slighter than those before reconfiguration.

Fig. 14 depicts the system-wide voltage profiles before and
after DN reconfiguration: Thanks to the appropriate reconfigured
DN topology and sufficient power support from LRG, the node
voltages across the entire system have been optimized to ensure
that they fall within the voltage safety bounds. Notably, as shown
in Fig. 14(b), even with LRG integration but no LDC, the node
voltage profile in DN#2 still fails to fall in the allowable voltage
bound, i.e., [0.95, 1.05] p.u.

Moreover, as shown in Table III: The optimization of active
power loss is also achieved effectively. With the local load supply
by LRG and the optimized reconfigured DN topology, the burden
of power flow on branches is alleviated, resulting in a reduction
in active power losses. Additionally, LRG plays a further role in
optimizing power losses by using LDC.
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Power flow profiles before and after reconfiguration. (a) Is the original power flow profile before reconfiguration. (b) Is the power flow profile after

reconfiguration for DN #1. (c) Is the power flow profile after reconfiguration for DN #2. Green nodes refers to the integration location of LRG.
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Fig. 14. System-wide voltage profiles before and after reconfiguration.
(a) Shows the voltage profiles in DN #1. (b) Shows the voltage profiles in DN
#2.

VI. CONCLUSION

We have demonstrated an optimal DN reconfiguration ap-
proach, considering the impacts of EPG and LRG on DN. To
address this issue that EPG operation affects DN root volt-
age, we have developed a mixed-integer convex OPF model
that incorporates EPG and DN sides and embeds the LDC
function. The distributed optimization methods based on the
augmented Lagrangian relaxation have been employed to solve
the constructed OPF model. To address this challenge that
the integration of LRG introduces uncertainty in the system-
wide power flow within the DN, we have introduced the extreme
scenario method to generate robust decision-making. Based on
our comprehensive numerical results, we draw the following
main conclusions:

1) Despite the inclusion of mixed-integer variables in the
proposed OPF model, ATC, ADMM, and APP still ex-
hibit satisfactory performance in terms of optimality and
convergence for distributed optimization. The parallel
approach effectively reduces computation time for each
iteration through parallel processing. However, it also
leads to an increase in the overall number of iterations. As
for the asynchronous implementation, it makes the con-
vergence process concerning boundary variables fluctuate
more significantly, but it is still an appropriate way to save
computation time in one iteration and it affects the final
convergent result slightly.

The introduction of the extreme scenario method enables
the proposed DN reconfiguration to provide a robust
decision-making when confronted with uncertain scenar-
ios associated with LRG integration. Furthermore, apply-
ing the extreme scenario method in distributed optimiza-
tion considerably reduces the number of extreme scenarios
that need to be taken into account, thereby alleviating the
computational burden.

Thanks to the DN reconfiguration and LRG power support,
the heavy power flow on certain branches is mitigated in

2)
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Fig. 15.  Statistical distribution regarding relative error for node voltage. (a) Is
based on PG&E 69-bus system. (b) Is based on IEEE 85-bus system.

DN. More importantly, the system-wide voltage profile is
improved and the active power loss is reduced for DN.

APPENDIX
A. Selection of Power Flow Constraint in DN

Linearization and SOC relaxation are two commonly used
approaches to handle the DistFlow model, forming the power
flow constraint in DN. Linearized DistFlow has been presented
in (5). SOC relaxation of DistFlow is shown as follows:

Pi = >_; Pij — Phi + Tijlij

Qi = >_; Qij — qni + Tijli;

ui —uj =2 (rigpij + @iii) — (rf; + 23;) lig
Pij + a5y < wily

Vi7j S NDN,Vij, hi € ZDN7 Vh € ]:Z‘,Vj e D,, (46)

where [;; represents the square of branch current. The corre-
sponding optimization objective is formulated as:

min fDN = Zrijlij + Z (uz — 1)2
ij %

ij € IpNn, 1 € NDN. (47)

We utilize PG&E 69-bus and IEEE 85-bus systems as the
case system, and randomly generate 100 scenarios linked with
active loads data to support OPF computation (node reactive
power injection is regarded as the optimization variable). Then,
we make statistics on the relative error between the approximate
value of node voltage that is computed via the constructed OPF
model and the actual value of node voltage that is computed via
the Newton-Raphson method.

It can be seen from Fig. 15: The relative error of node
voltage with SOC relaxation on DistFlow is much larger than
the counterpart with linearization on DistFlow. It indicates that
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linearization on DistFlow outperforms SOC relaxation on Dis-
Flow in terms of solving the proposed OPF problem with the
optimization objective that contains both minimizing the node
voltage deviation and the active power loss.

B. Modified Optimal DN Reconfiguration Model for LDC With
q(v) Type

The approach of embedding the LDC with ¢(v) into the
constructed OPF model to take the place of the LDC ¢(u)
is simple. Only a minor modification is needed that replaces
(i, i a5, ul™, T} with v, 0Ty T8y, 0P, 07}
involved in (19)—(23). However, after that, a challenging prob-
lem occurs thatg(v) is with respect to v, whereas the power
flow constraint is with respect to u. In this case, the nonlinear
relationship that u; = v? should be appropriately handled and be
integrated into (2)—(24) to form a modified OPF model. Next,
three widely used approximation approaches are provided to
reformulate the quadratic quality constraint u; = v7.

Taylor Expansion: u; = v} can be linearized to a linear con-
straint, such that (First-order Taylor expansion around 1p.u.):

u; =1+ 2(’[}7; — 1),VZ € Nbw.

McCormick Relaxation: McCormick relaxation handles u; =
v? by adding a series of auxiliary constraints. Particularly, the
piecewise McCormick relaxation [49] is able to provide a tighter
convex envelop via multiple partitioning. We present u; = v?
relaxed by a bivariate piecewise form as below (the bound v; €

[0.95, 1.05]p.u. is divided into five partitions):
u; > Z (2vm1n

(48)

min,,min
im = Uin VYin Vi n)

u >y, (21}ma"1}1 - ufgxuyl;w n) (49a)
u; <32, (v vs, n Vin + U 2w Vi — U;nylznvzlfx% n)
mm € {0.95,0.97,0.99, 1.01, 1.03}p.u. (49b)
uax € {0.97,0.99,1.01,1.03,1.05}p.u.
Z Yin = 17%,n S {0 1}
U;HTILU'Y n S Vin S Um;?x% n
v = Zn Vin
Vn € {1,2,3,4,5},Vi € Npx. (49¢)

Convex Quadratic Relaxation: [50] provides a convex
quadratic relaxation to u; = viz, which can also be further ex-
panded to a bivariate piecewise form, such that:

2
u; > Zn Vin
min max min, max ?
uZSZn( Uln+v Viin = Vin Vin 'Vzn)

(49b)and(49c¢),

vn € {1,2,3,4,5},Vi € Npx. (50)

We use DN#2 in Fig. 8 as the test system to compare the
performances of the above approaches applied in the modified

OPF in terms of ||u; — v?||,. We would like to emphasize that
our focus here is to develop a modified optimal DN reconfigura-
tion model for incorporating the LDC with ¢(v) type. Hence, the
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TABLE IV
||w; — v?||, FOR EACH APPROXIMATION APPROACH

Taylor McCormick Convex quadratic
expansion relaxation relaxation
5.6050¢e-3 2.9429¢-4 2.7629¢-4

< The root voltage is fixed as 0.97p.u. and the deterministic scenario is with
pMTT = 320 kW.

i, LRG

application of the extreme scenario method and the augmented
Lagrangian relaxation-based distributed optimization methods
are not discussed.

As presented in Table IV: McCormick relaxation and the
convex quadratic relaxation excels Taylor expansion. However,
Taylor expansion can still become a competitive option since
integer variables are not involved to approximate u; = v?.
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